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PREFACE 


^  The  cockpit  of  each  new  generation  of  fighter  aircraft  is  becoming  more  and  more  cluttered,  and  the  workload  imposed  on 
the  aircrew  more  ar  !  more  formidable.  Heavy  loads  of  information  from  the  different  aircraft  sensors  must  be  assimilated  and 
managed  in  a  time,;  nd  efficient  manner.  Severe  physiological  stresses  are  imposed  by  the  environment  of  rapid  onset,  high 
sustained-G-aecelerations  in  which  the  aircraft  opcrate.Such  heavy  demands  may  well  limit  the  ability  of  aircrew  to  pet  form 
their  required  tasks.  As  a  result,  there  is  a  compelling  need  to  obtain  more  objective  measures  of  the  effects  of  such  factors  as 
workload,  fatigue,  physiological  stress,  drugs  and  diseases  on  operator  effectiveness  in  the  high  stress  environment  of  the  future 
cockpit,  if  performance  is  to  be  meaningfully  assessed.  A  variety  of  new  or  upgraded  techniques  for  studying  the  function  of  the 
central  nervous  system  (CNS)  is  now  available;  they  may  allow  the  objective  assessment  of  aircrew  in  terms  of  selection, 
performance,  training  and  medical  care.  Many  of  these  techniques  rely  on  extracting  and  interpreting  the  electrical  potentials 
and  magnetic  fields  that  can  be  recorded  from  the  brain  with  scalp  sensors.  The  purpose  of  this  Symposium  was  to  examine  the 
value  of  these  CNS  measures  in  understanding  human  performance  in  individuals  exposed  tc  the  variety  of  s’resses  that  are 
associated  with  the  aerospace  environment.  r\, .  ^ 

Experts  from  both  civilian  andmilitary-mstlfutions  were  drawn  together  to  address  a  broad  spectrum  of  topics  related  to 
the  research  an^  cMaumH^iTnfihF.ne.  electromagnetic  measurements  in  aerospace  operations.  These  include: 

—  {  Computer-aided  dynamic  brain  imaging,  using  the  multi-electrode  scalp  recording  of  electrical  potentials  — 
C.T electroencephalogram  (EFO)_twi4^vent  related  potentials  (ERPsV—  in  combination  with  good  signal  enhancement 

and  feature  extraction  methodologies;  Jy 

r  —  the  implications  and  expectations  of  recording  multi-sensor  brain  magnetic  fields  in  behavioural  and  clinical 
•  research; 

—  the  functional  significance  of  using  ERP  components,  such  as  P300  3nd  CNV,  and  EEG  events  as  indices  of 

cognition,  workioacj  and  fatigue;  me - 

—  the  application  of  physiological  measures  for  indexing  operator  effectiveness  during  demanding  aircraft  and 
simulator  flight  missions; 

—  the  effects  of  acceleration  on  CNS  activity,  and  its  use  in  the  assessment  of  human  performance; 

—  the  changes  in  EEG  and  ERP  patterns  to  CNS-modifying  drugs,  and  their  implication  to  brain  status; 

—  the  relationship  between  abnormal  EEGs  and  aircraft  incidents/accidents;  and 

—  the  "neurometric”  approach  to  diagnosing  disease  states. 

The  issues  dealt  with  in  this  Symposium  are  broad  and  complex,  and  are  often  of  a  tentative  nature.  They  reflect  that  there 
is  a  continuing  need  for  further  research  into  the  relationship  between  CNS  electromagnetic  activity,  and  behaviour  and  clinical 
diagnoses.  The  fact  that  this  is  a  growing  field  in  the  brain  sciences  with  direct  application  to  aerospace  medicine  should 
recommend  these  Proceedings  to  those  involved  in  the  health  care  of  aircrew. 


RESUME 


Les  postes  de  pilotage  des  nouvelles  generations  d'avions  de  chasse  deviennent  de  plus  en  plus  encombres  et  la  charge  de 
travail  imposec  aux  equipages  ne  cesse  de  s'accroitre.  Les  quantiles  elevees  d’informatiuns  transmises  au  pilote  par  les 
differents  capteurs  embarques  doivent  etre  assimilees  ct  exploitees  de  fayon  rapide  et  efficace.  L’cnvironnement  operationnel 
des  chasseurs,  qui  esi  caracterise  par  des  forces  d’acceleration  elevees  et  soutenues,  appliquees  de  fayon  brusque,  impose  un 
stress  physiologique  intense  au  pilote.  Dans  de  telles  conditions,  la  capacite  de  l'equipagc  a  accomplir  les  taches  qui  lui  sont 
allouees  se  trouve  souvent  limitee.  Par  consequent,  toute  evaluation  valable  de  I’efficacite  operationnelle  des  pilotes  passe 
necessaircment  par  I’obtention  de  mesures  plus  objectives  des  effets  de  certains  facteurs,  tels  que:  la  charge  de  travail,  la  fatigue, 
le  stress  physiologique,  les  drogues  et  les  maladies  infectieuses  sur  I'efficacite  de  Toperateur,  dans  l'environnemenl  a  haul 
niveau  de  stress  que  represente  le  poste  de  pilotage  futur.  Le  corps  medical  dispose  d’un  large  eventail  de  techniques,  nouvelles 
ou  ameliorees,  pour  I’etude  du  systeme  nerveux  central;  elles  devraient  permettre  un  evaluation  objective  de  I’equipage  du 
point  de  vue  la  selection,  des  performances,  de  la  formation  et  des  soins  medicaux.  Bon  nombre  de  ccs  techniques  ont  pour 
principe  le  captage  et  I’analyse  des  potentiels  electriques  et  des  champs  magnetiques  du  cerveau,  enregistres  a  I’aide  de  capteurs 
craniens.  L’objet  du  symposium  etait  d’etudier  I’interet  de  ces  mesures  pour  la  comprehension  des  actions  humaines  chez  des 
individus  soumis  a  differents  types  de  stress  lies  a  I’envlronnement  aerospatial. 

Le  symposium  a  reuni  des  experts  de  differents  organismes  civils  ct  militaires  dans  le  but  d’etudier  toute  une  gamine  de 
sujets  lies  a  ia  recherche  et  a  I’exploitaticn  de  ces  mesures  electroinaguetiqiics  par  des  ntcdecins  dans  le  contexie  aerospatial.  a 
savoir: 

—  I’imagerie  dynamique  du  cerveau  assistee  par  ordinateur,  avec  l  enregistrement  des  potentiels  electriques  a  I’aide  dt; 
capteurs  craniens  a  multi-electrodes,  des  electroencephalogrammes  (EEG)  et  des  potentiels  lies  a  des  eveneinents 
(ERP)  associes  a  des  methodologies  performantes  d'amelioration  de  la  qualite  du  ..ign.ti  et  d’extrapolatiun  des 
caracteristiqucs. 


—  lev  consequences  possibles  el  les  resulats  attendus  de  l'enregistrement  des  champs  magnetiques;  du  cervcau  a  I'aide 
de  capteurs  craniens  dans  le  domaine  de  la  recherche  medicate  et  des  sciences  du  comportement. 

—  Pinterct  pratique  de  Pemploi  de  composants  ERP  tels  que  le  P300  et  la  variation  contingente  negative  (CNV)  ainsi 
que  des  evenements  EEG,  comme  des  indicateurs  de  la  cognition,  de  la  charge  de  travail  et  de  la  fatigue. 

—  l'appllcation  des  mesures  physioiogiques  4  la  determination  de  Pefficacite  de  1’operateur  lors  des  mission  aeriennes 
reelles  ou  simul6es,  de  nature  stressante. 

—  l’incidence  des  accelerations  sur  Pactivite  du  systeme  nerveux  central  (CNV)  et  son  emploi  eventuel  pour 
revaluation  des  actions  humaines. 

—  Involution  des  traces  EEG  et  ERP  en  fonction  de  Pabsorption  de  drogues  ayant  pour  effet  de  modifier  ie  CNS,  et 
leur  incidence  sur  l’ctat  de  Pactivite  cerebrale. 

—  le  rapport  entre  les  EEG  anormaux  et  les  accidcnts/incidcnts  d’avion. 

—  l’approche  “neurometrique”  au  diagnostic  de  la  maladic. 

Les  questions  examinees  lors  du  symposium  couvrent  un  vaste  domaine;  elles  sont  complexes  et  revetent  souvent  un 
caractere  experimental.  Elies  temoignent  du  besoin  permanent  de  recherche  en  ce  qui  conceme  le  rapport  qui  existe  entre 
Pactivite  electromagnetique,  le  comportement  des  sujets  et  le  diagnostic  medical.  Le  present  comptr-rendu  de  symposium  eft  le 
reflet  d’une  activite  croissante  de  recherche  dans  un  sccteur  des  neuro-sciences  qui  trouve  des  applications  directes  dans  les 
techniques  de  la  medecine  aerospatiaie,  el  devrait,  par  consequent,  interesser  tous  ceux  qui  sont  resposables  des  soins 
medicaux  dispenses  aux  equipages. 
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TKCHinCAL  B VALUATION  REPORT 


by 

Jack  P.  Landolt 

Blosciencos  Division 

Defence  and  Civil  Institute  of  Environmental  Medicine 
Dovmsview,  Ontario,  Canada  M3M  3B9 


1.  iimoDUCTio* 

The  Aerospace  Medical  Panel  held  a  symposium  on  "Electric  and  Magnetic  Activity  of  the  Central 
Nervous  System:  Research  and  Clinical  Applications  in  Aerospace  Medicine"  at  the  Nye  Sentrum  Hotell  in 
Trondheim,  Norway  from  May  25  to  29,  1987.  Thirty-seven  papers  and  an  invited  Keynote  Vddress  were  given 
by  authors  from  ten  NATO  countries. 

2.  THEME 

At  its  41st  Business  Meeting,  the  Aerospace  Medical  Panel  decided  that  several  proposals  for 
symposia  submitted  by  the  four  Panel  Committees  (Behavioural  Sciences,  Biodynanics,  Special  Clinical  and 
Physiological  Problems,  and  Special  Senses)  should  be  combined  and  integrated  into  a  proposal  for  one 
symposium.  Its  theme  was  to  be  s  review  of  the  modern  techniques,  both  ncuroelectr lc  and  neuromagnet  1c , 
which  can  be  used  for  assessing  the  function  of  the  central  nervous  system  (CNS),  both  at  rest  and  in  the 
military  aviation  environment .  The  increasingly  hecvy  physiological  and  cognitive  demands  that  will  be 
imposed  by  new  and  future  high  performance  combat  aircraft  may  well  limit  aircrew  effectiveness.  Thus, 
the  ability  to  obtain  objective  measurements  of  the  function  and  state  of  the  CNS  under  a  variety  of 
physical  and  mental  stresser,  and  the  correct  interpretation  of  these  measurements  could  well  provide  a 
basis  from  which  operator  effectiveness,  during  combined  stresres  can  be  quantified  and  assessed.  Research 
and  clinical  papers  were  selected  which  addressed  the  value  of  measurements  of  electromagnetic  activity  of 
the  CNS  as  Indices  of  task  performance  and  cognition  in  aircrew  exposed  to  the  stresses  of  '.he  military 
aviation  environment,  and  in  the  selection  and  medical  care  of  aircrew. 

3.  PURPOSE  AMD  SCOPE 

In  recent  years,  a  variety  of  new  techniques  for  studying  CNS  function  have  become  available.  The 
development  of  methods  for  studying  a  variety  of  evoked  (EPs)  or  event-related  potentials  (ERPs),  the  new 
technique  of  magnetoencephalography  as  well  as  improvements  in  the  analysis  and  understanding  of  the 
electroencephalogtam  (EEC)  offer  considerable  promise  for  evaluating  the  human  condition  and  performance 
in  a  variety  of  special  environments.  The  application  of  modern  computer-aided  analytical  methods  to  the 
Information  obtained  by  these  techniques  can  provide  objective  measurements  of  the  effects  of  different 
factors  on  CNS  function.  The  purpose  of  the  symposium  was  to  review  these  techniques  and  to  discuss  the 
potential  value  of  such  CNS  measurements  in  assessing  the  performance  and  abilities  of  Individuals  exposed 
to  the  stresses  of  modern  military  aviation  environments. 

The  scope  of  the  symposium  was  broad,  covering  important  interests  In  most  of  the  current  research 
thrusts  In  aerospace  medicine;  vis.,  the  behavioural  sciences,  biodynamics  the  special  senses,  physiology 
and  clinical  research.  The  electric  and  magnetic  activity  of  the  CNS  was  first  discussed  in  terms  of 
signal  extraction,  enhancement,  and  display  techniques.  Topics  discussed  under  research  and  clinical 
applications  Included  the  effects  of  factors  such  as  workload,  fatigue,  and  physiological  stress  on  CNS 
activity;  the  relationship  between  such  CNS  activity  and  cognition  and  performance;  and  the  use  of 
specific  neurophysiological  Indices  of  the  electromagnetic  activity  in  the  assessment  of  CNS  disorders, 
the  effects  of  drugs  and  other  metabolic  substances,  G-lnduced  loss  of  consciousness  (C-LOC)  and  other 
accelerative  effects,  and  sensory  function.  The  participants  included  military  and  civilian  experts  In 
experimental  psychology,  the  neurosciences ,  neuropsychiatry  and  psychopathology,  research  clinicians, 
vision  scientists,  ear  specialists,  human  factors  ant  biomedical  engineers,  physicists,  statisticians, 
mathematicians,  and  defence  research  scientists.  Presentations  were  drawn  from  defence  and  civilian 
institutes  of  aviation  and  environmental  medicine,  medical  centres,  brain  research  Institutes, 
universities,  end  technical  lnatltutiona. 

4.  symposium  program 

The  symposium  consisted  of  a  Keynote  Address  and  six  scientific  sessions  which  addressed  a 
continuum  of  topics,  starting  with  etste-of-the-srt  techniques  for  extracting  CNS  electromagnetic 
activity,  continuing  on  with  discussions  on  specific  neurophysiological  Indices  for  assessing  normal  and 
abnormal  brain  function,  and  closing  with  a  series  of  papers  that  considered  the  applicability  of  these 
measurements  In  both  research  and  clinical  aerospace  medicine. 

The  Keynote  Address  provided  a  brief  overview  of  new  trends  in  exploring  CNS  electromagnetic 
activity  in  tsrms  of  research,  instrumentation,  and  application.  The  major  part  of  the  Keynote  Address 
related  to  the  development  end  use  of  multi-channel  magnetometers  as  s  tioi  In  cognitive  neuroscience 
research. 


The  first  session  of  six  papers.  Brain  Function  Monitoring:  Signal  Extraction  Techniques, 
emphasised  the  importance  of  conducting  proper  EEG  recording  techniques  In  combination  with  good 
covputer-aldsd  analysis.  The  focus  was  ori  mult i-e1 ect rodo  scalp  recording,  dynamic  topographic  and  other 
colour  displays  of  brain  activity,  tnd  signal  enhancement  and  feature  extraction  methods  loglei. . 

The  five  papers  that  made  up  the  second  session,  Neuromagnet  1 c  Activity:  Techniques  & 
Applications,  addressed  the  topic  of  magnetoencephalography ,  one  of  the  most  promising  new  techniques  for 
the  non-lnvsslvs  atudy  of  brain  function.  The  session  focused  on  multi-sensor  instrumentation  and  dipole 
source  localisation. 
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Session  III,  Cognition,  Workload  and  Fatigue:  Neurophysiological  Indices  -  Research 
Considerations ,  explored  the  usefulness  of  some  psychophysiological  electromagnetic  measures  in  the 
assessment  of  cognitive  workload,  fatigue  and  reaction  time*-  Seven  papers  were  Included  in  the  session. 

The  five  papers  of  the  fourth  session,  Cognition,  Workload  and  Fatigue:  Neurophysiological  Indices 
-  Human  Performance  Assessment,  discussed  the  application  of  psych-nhysiological  measures  of  CNS  activity 
In  quantifying  performance  and  fatigue  in  operational  scenarios.  I’he  emphasis  was  on  the  value  of  such 
measures  in  assessing  performance  during  airborne  and  oimulator  missions,  and  for  the  selection  of 
aircrew. 

Session  V,  Neuroelectric  Activity:  Studies  on  the  Effects  of  Acceleration,  consisted  of  five 
papers  that  dealt  with  the  use  of  EEG 'a  and  evoked  responses  to  detect  and/or  assess  a  variety  of 
accelerative  effects.  The  focus  was  on  the  use  of  indicea  of  this  CNS  activity  for  determining  G-LOC  and 
other  associative  effects  of  high-G  forces,  and  in  studying  injury  thresholds  during  linear  impact 
accelerations.  The  session  concluded  with  two  papers  that  described  the  nature  and  utility  of  the 
vestibular  evoked  potential. 

The  sixth  session.  Neuroelectric  Activity:  Research  and  Clinical  Applications,  was  made  up  of 
eight  papers.  Three  papers  discussed  the  effects  of  drugs  on  cerebral  activity;  two  demonstrated  a 
correlation  between  abnormal  EEGs  and  aircraft  accidents;  one  described  the  use  of  auditory  evoked 
responses  in  assessing  fatigue  in  aircrew;  one  described  the  concomitant  EEG  changes  that  are  aaeociated 
with  prolonged  low  blood  glucose  levels;  and  one  described  a  clinical  technique  using  the  visual  evoked 
response  to  detect  optic  nerve  lesions. 

5.  TECHNICAL  EVALUATION 

(For  quick  reference,  some  fundamental  terms,  definitions  and  concepts  that  are  pertinent  to  this 
technical  evaluation  and/or  the  papers  and  discussions  in  these  Proceedings,  are  provided  in  the  APPENDIX 
to  this  report.) 

5. I  Brain  Function  Monitoring:  Signal  Extraction  Techniques 

Improvements  in  the  analysis,  understanding,  and  presentation  of  the  EEG  to  various  atressors  form 
the  body  of  work  in  Paper  #1  (Itil).  The  authors  have  developed  a  microprocessor-based  Bystem  which 
records  and  analyzes  EEG  data  on-line  in  real  time  from  19  electrodes  simultaneously.  The  software  has 
been  designed  to  support  both  clinical  analysis  and  research  use.  For  basic  clinical  analysis,  it  allows 
frequency  analysis  of  the  EEG  for  each  2.5-,  5-,  10-,  and  20-aecond  epoch,  from  which  the  percentages  of 
delta,  theta,  alpha  and  beta  activities  are  determined  and  updated  In  real  time.  EEG  amplitude  and 
frequency  averages  are  also  obtained.  A  high- resolution  colour  monitor,  on  which  up  to  27  different  types 
of  topographic  dynamic  brain  "maps"  can  be  displayed,  is  used  to  study  brain  function.  Such  maps  are 
particularly  useful  for  simultaneously  studying  the  clinically  relevant  features  at  each  electrode  site  of 
the  activities  in  one  or  more  of  the  four  fundamental  frequency  bands.  Artifact  rejection  routines  are 
also  Included  in  the  software.  Power  spectral  and  period  analyses  make  up  the  software  for  research 
purposes .  Through  a  series  of  colour  montages,  the  authors  demonstrate  the  utility  of  the  system  for 
studying  EEC  activity  under  different  psychological  and  drug  conditions. 

The  second  paper  (Gevins),  describee  a  sophisticated  "neurocognitlve  pattern  analysis  system"  that 
was  developed  in  the  authors'  EEG  Systems  Laboratory  in  Snn  Fransico  in  order  to  analyze  and  display  the 
spatlotemporal  brain  state  changes  which  occur  during  the  performance  of  complex  behavioural  tasks.  The 
current  (fourth-generation)  version  records  up  to  64  channels  of  brain  wave  activity  and  processes  them  by 
means  of  a  series  of  "expert  knowledge"  subsystems  which  employ  operator  feedback  to  enhance  hypothesis 
testing.  A  novel  feature  of  the  system  is  an  automated  classifier-directed  artifact  rejection  subsystem. 
It  consists  of  five  parallel  detectors  which  are  employed  to  distinguish  between  "clean"  and  five 
different  types  of  contaminated  data.  The  system  utilizes  the  Laplacian  spatial  transform  operator,  a 
signal  enhancement  technique  that  corrects  for  the  volume  conduction  distortion  resulting  from  electrical 
potential  transmission  Iron  the  brain  to  the  acalp  surface.  Single-trial  brain  wave  activity  Is 
quantified  by  determining  the  croescovariances  for  the  different  signal  lag  times  between  different 
electrode  pAirs.  The  functional  Interdependencies  of  the  neural  networks  subserved  by  the  different 
electrode  sites  are  established  when  there  la  waveform  congruence;  i.e.,  when  the  associated 
cro8acovarlance  Is  at  its  maximum  value.  The  results  are  displayed  on  a  graphics  screen  in  colour  as 
acalp  distributions  in  three-dimensional  perspectives.  The  system  has  been  used  to  assess  human 
performance  during  high-worktoad  (Paper  #22)  and  viauorootor-J udgement  (Paper  #2:>)  tasks.  To  establish 
plausible  dipole  brain  sources,  the  authors  intend  to  combine  the  results  obtained  from  the  Joint  analysis 
of  event-related  electric  and  magnetic  activities,  and  relate  them  to  anatomical  data  derived  from  the 
subject's  brain  structures  as  Imaged  by  the  technique  of  nuclear  magnetic  resonance  (NMR). 

Electroencephalographers  differ  in  their  ability  to  assess  neurological  disorders  from  visual 
Inspection  of  the  EEG.  The  authors  of  the  third  paper  (John)  have  developed  methods,  called 
"neurometries",  which  they  feet  not  only  increase  the  likelihood  of  identifying  clinical  neurological 
disorders  but  can  also  be  used  in  assessing  cognitive  impairments  and  psychiatric  disorders  from  the  EEG. 
Neurometries  entails  the  computerized  extraction  of  some  1200  neurophysiological  features  from 
artifact-free  brain  activity.  After  multivariate  atatlatical  analysis,  the  diagnosti cally-signif leant 
observations  are  presented  topographically  as  colour-coded  displays  suitable  for  ease  of  clinical 
Interpretation.  Data  from  over  750  subjects  between  6  and  90  years,  who  underwent  extensive  psychiatric 
and  neurological  examinations,  make  up  the  normative  data  base  against  which  diagnostic  comparisons  are  to 
be  made.  Features  such  aa  absolute  and  relative  power,  coherence,  and  symmetry  of  activity  in  delta, 
theta,  alpha  and  beta  bands  were  among  those  determined  for  each  of  19  electrodes  positioned  according  to 
the  10  -  20  International  Electrode  Placement  System.  The  features  from  the  normative  data  were  first 
transformed  mathematically  to  correct  for  skewness  and  enable  Gausalan-diatribution  significance  testing 
to  be  done.  The  neurometric  features  were  then  described  by  a  series  of  normative  regression  equatlona 
serose  the  age  span  from  6  to  90  years  that  were  culture-fair  and  independent  of  ethnic  background.  These 
equations  detected  few  abnormal  values  in  healthy  Individuals.  A  high  proportion  of  abnormal  values  were 
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found  In  patients  with  neurological,  psychiatric  and  cognitive  disorders.  These  equations  were  augmented 
by  cluster-analysis  methods  to  improve  the  discriminant  classification  of  brain  dysfunction.  The  authors 
demonstrate  the  applicability  of  the  technique  for  differentiating  between  patients  with  different  brain 
cerebrovascular  incidents  and/or  psychiatric  disorders. 

The  authors  of  Papers  #4  (Wright)  and  #5  (Bacheu),  described  methods  for  detecting  non-etetion- 
arities  in  EEC  epochs.  The  paper  by  Wright  and  her  colleagues  evaluated  several  methods  for  identifying 
non-stationarities  associated  with  three  levels  of  arousal:  alert  wakefulness,  drowsy  sleep  and  a 
transitional  state  between  alertness  and  drowsiness.  By  their  very  nature,  these  three  states  are  of 
variable  length;  therefore,  the  techniques  adopted  were  chosen  for  their  ability  to  correctly  Assess  the 
state  of  drowsiness  under  such  conditions.  The  methods  employed  included:  (a)  an  evolutionary  power 
spectrum  (which  determines  the  instantaneous  local  power-frequency  distribution),  (b)  autoregressive 
modelling,  and  (c)  the  autocorrelation  function.  For  comparative  purposes,  these  EEC  epochs  were  also 
analyzed  by  methods  that  relied  on  fixed-length  data  afl  follows:  (a)  Fourier  analysis,  (b)  Hjorth's 
descriptors  (which  measure  mean  power,  mean  frequency,  and  waveshape  deviation  from  a  sinusoid),  and 
zero-crossing  analysis*  The  method  based  on  the  evolutionary  power  spectrum  was  the  most  effective  one 
for  detecting  non-stationarities  in  the  EEC.  This  method  was  able  to  distinguish  the  high  frequency 
components  superimposed  on  the  low  frequency  activity  that  is  characteristic  of  these  transition  states. 
Fixed-length  methods  tended  to  underestimate  periods  of  continuous  alpha  (alertness)  or  theta  (drowsiness) 
activity.  The  authors  contend  that  methods  of  analysis  which  employ  variable-length  epochs  may  be  useful 
in  detecting  short  EEG  periods  thAt  are  associated  with  changes  in  the  state  of  alertness  in  tasks 
requiring  vigilance.  The  paper  by  Bachen  describes  a  statistical  technique  for  enhancing  the  detection  of 
evoked  responses  in  the  EEC.  Since  the  accepted  method  of  ensemble  uveraglng  may  not  sufficiently  enhance 
the  presence  of  the  evoked  response  over  that  of  the  background  "noise"  (the  EEG)  in  certain  clinical 
situations,  the  author  recommends  supplementing  It.  The  method  involves  comparing  the  phase  angles  of  the 
Fourler-tranefonued  poststimulus  activity  with  those  in  the  EEG  spectrum.  In  the  absence  of  evoked 
activity,  the  ph.nae  angles  are  assumed  to  be  uniformly  distributed  (the  null  hypothesis);  for  evoked 
activity,  a  nonuniform  distribution  results.  The  problem  is  reduced  to  testing  the  null-hypothesis 
assumption  of  uniformity  by  using  a  Kolmogorov-Smlrnov  type  of  statistic.  The  technique  is  quite 
sensitive  and  has  clinical  diagnostic  value  for  detecting  the  presence  ox  absence  of  evoked  activity  in 
certain  critical  situations;  e.g.,  in  diagnosing  suspected  cases  of  "brain  death". 

The  final  paper  of  the  session  (#6,  Regan)  describes  a  new  steady- state  EP  technique  that  shows 
great  promise  as  a  clinical  tool  for  "dissecting"  sensory  nerve  pathways  in  specialized  areas  of  the 
brain.  Using  novel  Fast  Fourier  Transform  (FFT)  techniques,  the  method  entails  measuring  the  nonlinear 
interactions  that  occur  in  an  EP  waveform  when  two  sensory  stimuli  are  presented  at  the  same  time.  For 
example,  when  a  subject  views  a  sinovave  grating  that  is  counterphase-modulated  at  Pi  Hz  and  superimposed 
on  a  second  grating  counterphase-modulated  at  F2  Hz,  the  EP  frequency  components  are  comprised  of  discrete 
spikes  of  less  than  0.004  Hz  bandwidth,  which  appear  at  frequencies  of  (nFl  +  mF2)  Hz  (n,m  -  0,1,...). 
The  method  rests  on  the  premise  that  such  nonlinear  interactions  can  only  occur  if  the  neurons  generating 
the  EP  respond  to  both  stimuli  at  the  same  time;  i.e.,  for  whatever  reason,  the  brain  must  be  "tuned"  to 
see  both  stimuli  at  once.  The  method  may  lend  itself  to  mapping  specialized  brain  areas  that  respond  to 
both  individual  and  combined  visual,  auditory  and  somatosensory  stimuli,  for  both  normal  and  pathological 
conditions.  Brain  areas  in  which  such  information  processing  would  be  Important  are  those  areas  that 
respond  asymmetrically  to  certain  stimuli;  e.g.,  to  changes  In  contrast,  motion  or  pitch.  The  difficult 
problem  of  locating  and  identifying  EP  source  generators  may  be  aided  by  combining  a  method  such  as  this 
with  evoked  neuromagnetic  methods,  and  Imaging  techniques  such  as  positron  emission  tomography  (PET)  or 
NMR . 

5.2  Neuroasgnetlc  Activity:  Techniques  and  Applications 

Neuromagnetics,  the  study  of  the  magnetic  activity  of  the  nervous  system,  is  a  relatively  new 
science.  The  application  of  this  technology  shows  great  promise  as  a  clinical  diagnostic  tool  for 
investigating  brain  physiology  and  pothology,  and  in  cognitive  research  for  studying  human  performance 
during  stress.  The  introduction  of  the  cryogenic  sensor,  the  Superconducting  Quantum  Interference  Device 
(SQUID)  Into  neuroraagnetlc  methodology  has  enabled  the  measurement  of  very  weak  fields,  that  are  several 
orders  of  magnitude  less  than  Earth's  magnetic  field,  In  good  noise  rejection  environments*  Much  current 
work  has  used  SQUID  technology  for  modelling  the  sourcos  or  generators  of  brain  magnetic  activity  thtt  are 
associated  with  the  cognitive  and  physiological  processing  of  specific  sensory  stim'il;  and  this  Is 
reflected  in  some  of  the  papers  presented  at  this  Symposium  (Kaufman  [Keynote  Addregr]  and  Hcke  [  #1]  to 
auditory  stimuli;  Weinberg  [#12j  to  separate  and  combined  auditory  and  tactile  stimuli;  and  Weinberg  [M3] 
to  visual  stimuli).  ..lthough  much  current  and  past  work  was  associated  with  shallow  brnin  sources  such  as 
those  in  the  ce-ebra!  cortex,  there  are  practical  reasons  for  believing  that  the  neuromagnet lc  activity 
from  deep  brain  and  brain  stem  sources  can  also  be  mapped  as  equivalent  current  dipole  sources. 

The  mapping  of  neuromagnet ic  fields  of  the  brain  hao  been  done  mainly  with  a  single  sensor  which 
must  be  moved  many  times  over  the  head  In  order  to  obtain  s  complete  localization  of  each  dipole  source  in 
the  brain.  Of  course,  a  single  sensor  channel  is  useless  when  there  is  a  need  to  simultaneously  measure 
the  magnetic  activity  of  many  equivalent  dipole  sources  In  the  brain.  Efforts  are  now  underway  to  use 
multiple  sensors  for  source  localization  of  these  magnetic  field  generators.  Kaufman  described  lsofield 
contour  maps  obtained  from  the  auditory  cortex  to  selective  attention  using  a  5-channel  system  that  was 
recently  constructed  for  the  Neuromagnetism  Laboratory  at  New  York  University.  Romani  (Paper  #7) 
discussed  the  Instrumental  problems  of  recording  with  100  magnetic  sensors  which,  unlike  NMR  Imaging, 
should  provide  three-dimensional,  real-time  brain  function  imaging. 


Chapman  and  his  colleagues  (Paper  #10),  and  others  have  argued  the  case  for  combining  both  electric 
and  magnetic  recording  in  brain  function  studies.  Each  method  contributes  different  and  unique 
Information.  The  magnetoencephalogr to  (KEG)  is  a  non-lnvasive  technique  requiring  sensors  that  do  not 
touch  the  head.  Tt adl tional ly,  the  spatial  resolution  of  the  EEG  has  been  poor,  sines  the  electrical 
potentials  that  are  recorded  on  the  scalp  are  modified  by  the  different  resistivities  of  the  herd  and  soft 
tissues  of  the  head.  However,  there  are  now  available  Laplacian  "deblurring"  techniques  which  are  used  to 
Improve  the  estimation  of  source  localization  of  EEG  equivalent  current  dtpolee  (e.g.,  see  Gavins  —  Paper 


#2).  MEG  ganora^ora ,  of  course,  are  not  affected  by  the  different  rests tivitiae  of  the  head; 
consequently,  the  magnetic  field  flux  does  not  need  to  ba  recorded  relative  to  a  reference  lave*  at  la  the 
csss  with  EKGs  (where  reference  levels  of  "linked"  ears,  nose,  ate.  are  routinely  used).  Thla  ability  to 
provide  a  real  baaeline  level  of  neuromagnetic  activity  la  a  decided  advantage  over  EEC  method-'  when  a 
•table  and  indifferent  reference  la  required. 

Weinberg  and  hia  colleaguee  used  both  EEG  and  MEG  measurements  to  locate  dipole  aourcee  in  the 
brain  (Papers  #12  &  #11).  In  the  flret  of  theae  papera  (#12),  the  authnjs  sake  a  strong  caae  for  a  40-Hr 
resonance  response  to  the  interaction  of  Independent  auditory  and  tactile  sensory  stimulation  in 
thalamo*'cortieal  sites.  In  their  second  paper,  EEC  and  HEC  Measurements  were  used  to  Identify  the 
properties  of  cortical  gsnerstors  for  binocular  viaion.  The  next  step  In  this  particular  study  la  to 
assess  how  factors  such  as  fatigue  and  other  stressors  break  down  stereoptic  performance  well  before  there 
are  other  tangible  eigna  of  the  effects  of  stress  on  performance. 

Two  papera  scheduled  for  thla  session  in  the  Symposium  were  not  presented.  These  were  Paper  No.  3, 
which  was  to  adddrees  MEG  measurements  of  deep  aourcee  in  the  brain,  and  Paper  No.  9,  which  was  to 
discuss  the  affect  of  visual  atimulua  complexity  on  the  distribution  of  visual  evoked  romngnetic 
fields. 

5.3  Cognition.  Workload  and  Fatlffua:  Neurophysiological  Indices  -  Research  Considerations 

P300  is  an  ERP,  the  amplitude  of  which  reflects  cognitive  attentlonal  demands  to  task-relevant , 
rare-event  stimuli.  The  functional  significance  of  P300  as  an  index  of  mental  workload  la  the  topic  of 
the  paper  by  Kramer  and  his  colleagues  (Psper  #14).  The  authors  applied  the  P300  technique  to  two 
operational  problems:  (a)  the  assessment  of  pilot  workload  during  flight  missions  in  a  fixed-base  flight 
simulator  for  single-  and  dual-task  ERP  paradigms;  and  (b)  as  a  "biocybernetic"  comunlcatlons  link 
betwean  man  and  machine.  Preliminary  results  from  the  pilot  workload  experiment,  strongly  suggest  that 
P300  amplitude  can  he  uaed  to  distinguish  between  single  and  dual  tasks,  and  between  two  versions  of  the 
flight  mission.  If  P300  Is  truly  sensitive  to  such  cognitive  demands,  then  It  may  well  aerve  as  a 
neurophysiological  index  to  complement  some  of  the  leas  rigorous  techniques  that  are  now  being  utilized  as 
subjective  and  performance-baaed  measures  for  assessing  workload.  The  results  of  the  experiment  in  which 
P300  amplitude  was  used  as  a  coanuni cat  ions  channel  are  more  clear-cut.  The  authors  constructed  a 
paradigm  which  signaled  a  P300  response  whenever  an  item  in  an  array  of  items  was  being  actively 
processed.  P300s  were  not  evoked  by  unattended  items.  The  experiment  demonstrated  that  P300  amplitude 
could  be  employed  as  an  effective  binary  switch  to  toggle  a  choice  reaction  according  to  operator 
demands.  The  method  may  have  applicability  in  constructing  a  biocybernetie  comunlcatlons  channel  for 
motor-nerve- impel red  patients. 

Paper  No.  15  was  to  discuss  some  data  which  shoved  that  different  subcomponents  of  the  P300  complex 
index  (through  amplitude  and/or  latency  changes)  different  aspects  of  learning,  but  it  was  withdrawn  from 
Che  Sympooium. 

The  authors  of  the  sixteenth  paper  (Fowler)  make  a  caae  for  P300  latency  as  a  measure  of  the 
effects  of  hypoxia  on  cognitive  performance.  Hypoxia  increased  both  the  behavioural  (reaction  time)  and 
the  electrophyslological  (P300  latency)  manifestations  of  performance  in  a  dose-related  manner.  In 
contrast,  the  P300  amplitude  was  not  influenced  by  the  hypoxic  conditions. 

In  an  excellent  theoretical  paper,  Gaillard  (#17)  outlined  th*i  differences  between  exogenous  and 
endogenous  ERPr,  and  discussed  the  use  of  endogenous  components  to  study  psychological  Information 
processing.  Exogenous  components  are  directly  related  to  the  stimulus;  they  are  depend  nt  on  the  physical 
characteristics  of  the  stimulus  (e.g.,  pitch,  colour,  duration,  and  intensity)  and  the  state  of  the 
organism.  They  are  reflected  reliably  in  the  peaks  and  troughs  of  the  waveform.  The  whole  waveform  Is 
rather  fixed  and  predictable  in  amplitude,  latency,  and  topographical  distribution.  Endogenous 
components,  however,  may  be  Induced  by  the  stimulus  or  even  In  the  absence  of  a  stimulus.  They  are 
related  to  psychological  processes  and,  as  such,  depend  on  task  demands  and  the  Instructions  given  to  the 
subject.  Most  importantly,  there  Is  s  large  variability  in  the  form,  latency,  and  topographical 
distribution  of  these  components.  Since  exogenous  components  remain  fixed  between  experimental  conditions 
for  the  same  task,  endogenous  components  can  be  obtained  by  subtracting  ERP  waveforms  from  each  other. 
Gaillard' s  central  theais  is  that  the  endogenous  components  can  only  he  used  as  Indices  of  cognition  and 
workload  after  their  peychological  significance  has  been  established.  He  argues  for  s  better  definition 
of  vhst  entells  sn  endogei.  tus  component.  He  further  reflected  on  the  ambiguity  amongst  investigators 
regarding  the  way  their  measurements  have  been  taken.  Apparently,  there  appear  to  be  as  many  components 
as  there  are  paradigms,  and  as  many  paradigms  as  thtre  are  Investigators.  He  argues  for  strict  rules  for 
establishing  a  taxonomy  of  tasks  in  order  to  make  it  possible  to  use  ERP  techniques  as  unobtrusive 
measures  cf  cognitive  processing. 

The  gist  of  the  eighteenth  paper  (Stern)  is  that  workload  and  attention  can  be  effectively 
evaluated  using  the  physiological  measures  of  ERP,  heart  rate  and  eye  blink  activity.  The  experimental 
paradigm  use-i  win  a  variant  of  the  Sternborg  memory-scanning  task  in  which  CUE,  MEMORY,  and  TEST  demands 
were  asked  cf  the  subjects.  A  CUE  (alerting)  stimulus  is  first  presented  which  provides  Information  on 
the  nature  of  an  upcoming  set  of  Items  that  are  to  be  committed  to  memory.  The  MEMORY  stimulus,  which 
usually  consists  of  «  set  of  letters  follows.  The  final  stimulus,  the  TEST  set,  is  a  member  of  the  MEMORY 
sut  in  ot.e-half  the  trials-  For  fixed  times  during  the  CUE  end  MEMORY  task  intervals,  a  "probe"  stimulus 
—  c  dlffuae  Mght  flash  that  is  irrelevant  to  the  assigned  task  —  was  introduced  and  the  ERP  changes 
noted.  The  "Task-FRPa"  are  diff erenlally  affected  by  information  storage  and  retrieval  requirements:  the 
P300  amplitude  increased  with  increasing  storage  demands,  and  decreased  with  an  Increasing  demand  for 
Information  retrieval.  "Probe-ERPs"  are  exogenous  (or  early)  components  that  appear  to  Index  selective 
attention  Hesrt  rate  changes  are  related  to  both  expectancy  and  task  difficulty*  Eye  blink  activity 
monitors  bvth  attention  and  difficulty  In  processing  information.  This  study  shows  that,  taken  together, 
these  three  physiological  measures  Index  complementary  combinations  of  cognitive  activity.  EEG,  heart 
rate  and  eye  blink  activity  are  used  to  examine  pilot  performance  during  airborne  and  simulated  fighter 
missions  in  Paper  #23  (8kally).  Such  an  approach  should  dispel  some  of  the  criticisms  that  have  been 
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levelled  at  the  Individual  use  of  these  components  for  studying  cognitive  workload. 

Tha  author  of  Paper  #19  (Abraham)  quite  siaoly  aaka  whether  or  not  the  amplitude  of  the  contingent 
negative  variation  (CNV)  —  an  ERP  component  —  can  be  used  to  predict  demanding  teak  ability?  Abrahea 
reload  thia  question  when  he  noted  the  dubloue  findlngu  in  CNVe  In  controlled  experlaenta  with  subjects 
firing  the  shouldar-mountad  aurf ace-to-air  aleeile  launcher  "Blowpipe".  The  literature  had  indicated  that 
the  firing  of  this  weapon  would  not  b*  unlike  a  CNV-generating  eltuation.  Incraaaed  CNV  amplitudes  are 
aaaoclated  with  timely,  ordered,  and  attentive  responses;  whereat,  dacreaeed  CNV  amplitudes  are  related  to 
dia tractive  and  disordered  aental  functioning.  Hit  ourprialng  findings  that  poor  perforaence  in  Blowpipe 
operation  waa  aaaoclatad  with  either  high  or  low  CNV  aaplitude  led  hia  to  conclude  that  personnel  should 
be  selected  on  the  basiu  of  Job  performance  and  r.ot  on  the  basis  of  CNV.  Perhaps,  there  is  aerlt  in  this 
aeaa age  for  other  instances  In  which  such  perforaence  measurements  are  to  be  uaed. 

Papers  #20  and  #21  (Plgeau)  describe  the  successful  use  of  EEC  aeasuree  to  index  different 
cognitive  processes.  The  first  papor  (#20)  addresses  two  research  issues.  Firstly,  the  hypothesis  la 
advanced  that  individual  differences  in  producing  endogenous  alpha  activity  account  for  the  EEC 
healapheric  aaysaetries  that  are  observed  during  cognitive  tasks  which  presuaably  induce  such 
asymmetries  in  the  first  place.  Results  indicated  that  this  waa  the  case.  Subjects  rsnked  as  low  alpha 
gsnsratora  (according  to  their  eyes-closed  ability  to  generate  endogenous  alpha  activity)  did  not  exhibit 
auch  EEC  aayaaetries ;  whereas,  ulddle  and  high  alpha  generators  demonstrated  a  definite  relationship. 
Secondly,  it  waa  aatabliahad  that  frontal  theta  activity  indexes  attantlonal  demands •  The  second  paper 
(#21)  describes  soae  novel  methods  using  EEG  measures  to  index  "drowsiness"  as  an  indicator  of  a*ntal 
fatigue  in  sleep  deprivation.  Drowsiness  in  terms  of  a  so-called  EEG  Drowsiness  Index  was  determined 
during  s  4  minute  eyes-closed  relaxation  period  which  waa  embedded  once  every  hour  in  a  multi-hour  sleep 
deprivation  experiment.  (The  Drowsiness  Index  takes  into  account  the  fact  that  alpha  activity  is  reduced, 
end  thets  and  delta  activities  are  increased  during  transition  from  the  swake  stage  to  Stags  1  sleep.)  A 
second  metric,  the  autoFPT  (analogous  to  sutoregresslvs  smoothing  in  the  tlae  domain),  was  used  to  provide 
three-dimensional  time /frequency  plots  of  the  EEC  characteristics  during  sleep  onset.  (The  autoFFT 
entailed  performing  Fast  Fourier  Transforms  to  "windows"  of  data  that  are  auccaealvaly  lagged  in  the 
time-domain  sense.)  The  EEG  methods  described  in  the  study  appear  to  be  quite  sensitive  indicators  of 
aental  fatigue  as  indexed  by  drowsiness.  These  two  studies  demonstrate  the  fact  that  tightly-controlled 
experimentation  combined  with  the  judicious  processing  of  EEG  activity  is  s  necessary  requirement  if 
cognitive  processes  are  to  be  reliably  indexed. 

5 . 4  Cognition,  Workload  and  Fatigue:  Neurophysiological  Indices  -  Human  Performance  Assessments 

The  physiological  significance  of  EEG,  heart  rate  and  eye  measurements  (blink  frequency  and 
duration)  as  unobtrusive  and  continuous  measures  of  pilot  performance  was  discussed  by  Skelly  and  her 
associates  (Paper  #23).  At  the  Armstrong  Aerospace  Medical  Research  Laboratories  in  Ohio,  using  these 
measures,  they  undertook  the  difficult  task  of  recording  pilot  responses  to  comparable  90-ainute  A-7 
aircraft  and  simulator  training  missions.  A  battle  area  interdiction  mission  consisting  of  takeoff, 
faat-f light,  high-C  manoeuvres,  weapons  delivery,  threat  evasion,  low-level  navigation,  and  landing  was 
selected  in  order  to  study  the  effects  of  cognitive  demands  on  human  performance  in  an  operational 
environment.  Tha  authors  concluded  that  all  physiological  measures  used  in  the  study  provided  meaningful 
information  on  pilot  workload.  The  EEG  data  diacriainated  quite  well  the  changes  in  workload  that  were 
specific  to  each  of  the  different  mission  demands.  It  was  suggested  that  EEG  changes  appear  to  index 
overall  workload;  i.e.,  they  reflect  on  both  cognitive  and  physical  demands.  The  EEC  and  eye  blink 
duration  are  more  sensitive  to  G-stresa  than  is  heart  rate.  Heart  rate  and  EEG  discriminated  well  between 
airborne  and  simulator  missions,  reflecting  on  the  greater  attantlonal  demands  imposed  by  a  real-flight 
environment.  Eye  blink  duration  sterna  to  be  a  sensitive  Indicator  of  attentlonal  demands  with  eye  blink 
durations  decreasing  as  mental  workload  increases  and  vice  versa.  Blink  rate  data  were  difficult  to 
Interpret. 

The  attempt  to  relate  ERPs  and  alow  potential*  to  varying  levels  of  mental  workload  while 
performing  viaual  tracking  tasks  la  the  subject  of  Paper  #24  by  McCallum  and  his  colleagues  from  the 
Burden  Neurological  Institute  in  Bristol.  The  authors  contend  that,  although  the  CNV  amplitude  Is  usually 
associated  with  task-involved  preparatory  phenomena,  It  has  been  investigated  only  for  short  preparatory 
lntarvals,  lasting  at  moat  for  a  few  seconds.  They  argue  convincingly  that  comparable  negative  alow 
potential  shifts  may  extand  over  considerably  longer  periods  for  longer-duratlsn  tasks,  thereby  reflecting 
a  continuum  of  different  mental  processes  at  work.  Experiments  were  conducted  In  which  the  level  of 
difficulty  of  the  viaual  tracking  task  was  varied  in  a  syatecitic  way.  In  some  experiments,  a  secondary 
task  was  introduced  in  order  to  study  further  the  relationship  of  cerebral  processing  to  workload.  The 
results  indicated  that  auch  slow  potentials  extend  over  tens  of  seconds,  that  they  are  robust  and 
consistent,  and  that  they  are  CNV-like  in  their  preparatory  character,  but  that  they  also  index  the  level 
of  workload.  Then  waa  an  increased  negative  shift  In  slow  potential  whan  the  secondary  task  waa  added  to 
the  primary  taak,  thmreby  raflecciug  the  sensitivity  of  this  potential  to  increasing  task  demands.  The 
authors  further  conjectured  that  a  reduction  in  amplitude  of  the  late  ERP  components  during  tracking 
(compared  to  control  values)  after  the  secondary  task  was  added  constituted  an  exampla  of  resource 
reciprocity  (i.o.,  a  drop  in  amplltuda  as  resources  are  withdrawn  and  an  increased  amplitude  as  additional 
resources  are  deployed  to  meet  Increasing  demands).  In  the  authors'  opinion,  these  negative  alow 
potential  shifts  may  be  strongly  associated  with  focal  awareness;  i.e.,  high-demand  cerebral  processing  at 
the  cost  conscious  lavel. 

Paper  No.  25  (Gsvina)  is  a  discourse  on  ths  diocovsry  thst  "preparatory  sots",  consisting  of 
spsclflc  CNS  slsctrical  activity  patterns,  precede  accurate  vlauomotor  tasks.  Using  an  expanded  scalp 
electrode  system,  on  right-handed  males,  the  authors  compared  signal-enhanced  brain  electrical  patterns 
associated  with  the  preparation  and  execution  of  precise  right-  and  left-handed  finger  actions  in  response 
to  numerical  visual  stimuli.  Significantly,  when  comparing  similarities  in  wave  shape  (covariance  pattern 
of  the  CNV),  the  precursory  electrical  patterns  In  Individuals  performing  accurate  vlauomotor  tasks  were 
subetantislly  different  from  those  performing  inaccurate  ones.  At  least  three  distinct  CNV  components 
war#  found  to  be  involved  in  the  preparatory  sets  preceding  accurate  vleuomotor  performance:  a  cognitive 
component  from  the  left  frontal  cortex,  that  is  hand-invariant;  a  hand-specific  parleto-central 
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aomasthetic-motor  component;  and  an  Integrative  motor  component  from  t ha  midline  and  antero-central  sites 
for  left-hamlsd  action#.  Degraded  or  inappropriate  preparatory  acta  ware  associated  with  inaccurate 
performances ,  Thara  ware  relatively  weaker  and  fewer  CNV  covariance#  preceding  inaccurate  right-handed 
performance#  than  there  were  in  the  comparable  left-handed  condition*.  Moreover ,  the  left-handed 
inaccuracies  were  characterised  by  strong,  complex  and  widely  distributed  CNV  pattern#,  auggaating  that 
Inaccurata  performancaa  by  tha  non-dominant  hand  of  atrongly  right-handed  aubjecta  may  result  from 
disordered  preparatory  aeta.  Similar  wtudlaa  on  left-handed  and  ambldsxr.rou*  subject*  may  clarify  the 
importance  of  the  dominant  hand  ir.  performing  complex  viauomotor  tasks*  It  is  possible  that  consideration 
of  hand-dominance  may  be  required  In  tha  dealgn  of  future  aircraft  and  weapon  control  systems,  and  even  in 
the  selection  of  aircrew  candidates,  if  maximum  performance  1*  to  be  achieved. 

Investigators  from  the  EEG  System*  Laboratory,  in  collaboration  with  those  In  other  US  medical 
reaearch  laboratories,  have  used  event-related  covariance*  of  EEC  data  to  asaesa  cognitive  and 
perceptuomotor  functions  in  US  Air  Force  pilots  during  conditions  of  full  alert,  incipient  fatigue  and 
full  fatigue  (Gavins,  Paper  #22).  Preliminary  results  would  seem  to  indicate  that  the  exogenous  stages  of 
visual  processing  during  perceptuomotor  tasks  are  relatively  unaffected  by  fatigue.  However,  neural 
system*  associated  with  higher  cognitive  functions  euch  at  working  memory  rehearsals,  preparation,  and 
motor  inhibition  are  selectively  compromised,  even  during  the  incipient  stages  of  fatigue.  The  method 
shows  promise  for  predicting  signs  of  Impaired  or  degraded  cognition  well  before  it  becomes  obvious  from 
performer.  :e.  Such  results,  should  they  stand  up  under  further  scrutiny,  would  have  clear  Implications  in 
the  selection  of  personnel  for  employment  In  high  stress  situations  that  require  both  mental  work  and 
automated  perceptuomotor  activity,  *s  la  tha  case  with  air  traffic  controllers. 

Paper  #26  (Stsnnjr)  focuses  on  some  preliminary  considerations  for  using  sensory  evoked  components 
in  the  evaluation  and  selection  of  naval  personnel  for  aviation  duty.  The  authors  felt  that  the  early 
results  were  encouraging;  however,  it  was  pointed  out  In  the  ensuing  discussion  that  the  method  employed 
was  too  looas,  and  unlikely  to  reflect  on  the  cognitive  requirements  for  aircrew  duty.  It  was  further 
suggested  that  attention  should  be  focussed  on  the  late  components  and  slow  potentials;  and  it  should  be 
determined  how  these  interact  with  task  variables  that  relate  more  strictly  to  on-job  performance  (e.g», 
such  as  those  in  Paper  #24  —  McCallum). 

5.5  Neuroalsctrlc  Activity;  Studies  on  the  Effects  of  Acceleration 

Paper  #27,  which  was  to  discuss  the  use  of  ERPa  to  stimuli  in  non-volitional  "cognitive"  paradigms 
with  patients  in  the  early  stages  of  recovery  from  traumatic  head  Injury,  was  not  presented  at  the 
Symposium. 

Paper  #28  (Matson)  reports  one  aspect  of  a  number  of  tests  in  s  continuing  program  at  the  Naval 
Blodynamica  Laboratory,  in  New  Orleans,  to  investigate  impairment  and  injury  thresholds  for  exposure  to  -X 
direction  acceleration  with  the  head  unrestrained  in  primates.  Neurophysiological  impairment  due  to 
Impact  in  rhesus  macaques  was  objectively  measured  through  changes  in  latency  of  components  of  the  somato¬ 
sensory  evoked  potential  (SEP).  The  SEP  is  a  characteristic  response  measured  at  the  cerebral  cortex 
after  etimulatlon  of  sensory  nerve  tracts  in  the  spinal  cord.  The  authors  show  that  both  slow  and  fast 
components  of  the  SEP  are  delayed  after  impacts  above  56  G,  which  is  well  below  the  threshold  (82  G)  for 
visible  injury  for  similar  -X  impacts  in  this  animal.  These  results  indicate:  (a)  that  stress  on  the 
occipital-cervical.  Junction  determines  the  lowest  threshold  of  sensory  performance  Impairment  in  this 
animal  in  this  particular  impact  environment,  and  (b)  that  the  SEP  method  can  be  used  to  assess  potential 
impairment  as  a  result  of  non-lnjurlous  impact  exposure  in  humans.  (This  avenue  has  been  pursued  at  the 
authors'  laboratory  already.)  The  results  described  in  this  paper  should  be  complemented  by  those  of  an 
analysis  of  the  head-neck  kinematic  data  from  the  same  tests,  which  would  determine  the  deformations  of 
the  critical  tissues  of  the  brain  stem  which  accompany  the  SEP  latency  changes.  These  data  would  allow 
comparisons  with  the  results  obtained  from  humans  in  order  to  determine  whether  or  not  there  are  size- 
independent  strain  thresholds  for  functional  impairment  of  neural  tissue  at  this  level.  Such  thresholds, 
if  they  existed,  could  be  used  to  define  the  limits  on  human  head  motions  during  impact  which  would  not 
Impair  perception  and  cognition.  This  would  have  obvious  value  in  the  design  of  protective  systems. 

The  authors  of  Paper  #29  (Levis)  set  out  to  assess  the  utility  of  the  EEC  as  an  indicator  of  state 
of  consciousness  in  subjects  exposed  to  rapid  onset  (6  Gz/s),  hlgh-G  centrifugation  (+7  Cz).  Their 
preliminary  results  confirm  earlier  findings  in  the  literature  that  there  is  a  pronounced  shift  to 
hlgh-anplltude  delta  activity  during  unconslouBnees .  In  the  ensuing  discussion,  it  was  felt  tnat  the 
prognosis  for  recording  EEG  and  ERP  data  during  centrifuge  runs  was  good  provided  that  appropriate  steps 
are  taken  to  minimize  the  effects  of  artifacts. 

Matched  filtering  Is  a  technique  by  which  a  filter  is  designed  to  "match"  ;he  signal  in  such  a  way 
that  the  peak  algnal-lo-nolse  (S/N)  ratio  is  maximized.  The  authors  of  the  thirtieth  paper  (Nelson)  used 
the  technique  in  an  attempt  to  enhance  detection  of  the  steady-state  visual  evoked  response  (VER)  (signal) 
in  the  EEG  (background  noise)  as  an  objective  measure  for  determining  visual  function  degradation  during 
high  +Gz  acceleration  runs  In  a  human  centrifuge.  During  exposure  to  progress ively-higher  C  accelerations 
in  a  centrifuge,  subjects  experience  «  progression  of  visual  symptoms  -  starting  with  decreasing  visual 
sensitivity,  then  diminution  of  visual  field,  followed  by  peripheral  (gray-out)  and  central  (blackout) 
light-losses  before  culminating  in  a  total  losa  of  consciousness  (G-LOC)  as  blood  circulation  to  the  eyes 
and  brain  is  compromised.  The  authors  reasoned  that  real-time  monitoring  of  the  VER  might  provide  a  rapid 
means  of  detecting  degradation  of  visual  function  (within  three  seconds  of  Initiation)  during  high-C 
centrifuge  rune.  (Experiments  in  the  human  centrifuge  at  the  authors'  Naval  Air  Development  Center  in 
Pennsylvania  had  earlier  shown  that  the  VER  progressively  decreases  with  G,  disappearing  at  blackout.)  In 
static  experiments,  matched  filtering  on  appropriately-weighted  data  gave  an  S/N  ratio  improvement  of 
about  33  dB  over  that  obtained  from  "raw"  VERa.  However,  an  additional  improvement  of  5  to  6  dB  Is 
required  before  the  technique  can  be  considered  as  showing  promise  as  a  reliable  measure  of  impending 
C-LOC.  The  technique  still  needs  to  be  improved,  and  its  effectiveness  as  an  end-point  measure  must  be 
evaluated  againet  other  methods  (e.g.,  the  peripheral-vision  light  bar)  in  dynamic  centrifuge  test 
experiments.  The  technique  may  also  have  clinical  applications  as  an  enhanced  means  of  monitoring  evoked 
responses  during  brain  surgery. 
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Paper  #31  (Staraan)  la  a  raview  of  a  vary  extensive  on-going  study  which  aata  out  to  evaluate  tha 
efficacy  of  using  BEG  measures  as  Indices  of  pilot  performance  during  laboratory-simulator  snd  in-flight 
task-ralsted  missions.  In  tha  experiments  reported  on,  the  BBC  was  recorded  by  scalp  electrodes  according 
to  the  10-20  International  Electrode  Placement  System  from  vlaual  and  sensorimotor  cortical  areas  while 
subjects  were  performing  viauomotor  tasks  associated  with  aircraft  control.  For  the  in-flight  studies,  a 
portable  BEG  recording  system  was  devised,  comorloed  of:  (a)  a  cuatonrmade  flight  helmet  liner  containing 
scalp  electrodes  (appropriately-placed  for  the  requisite  cortical  recording),  miniature  pre-amplifiers  and 
associated  electrical  cabling  for  connecting  to  flight-vest  components;  (b)  a  roe ah  cranial  cap  for 
covering  the  helmet-liner  ensemble;  (c)  a  pre-molded  flight  helmet;  and  (d)  a  specially-designed  flight 
vest  containing  a  data  filter  module,  amplifier  unit,  miniature  4-channel  PM  tape  recorder,  and  a  battery 
pack.  In  order  to  study  the  Interplay  betwaen  visual  and  sensorimotor  cortical  activity,  a  power  spectral 
analysis  was  conducted  on  the  EBG,  the  spectral  estimates  were  sorted  Into  seven  consecutive  4-Hz  wide 
frequency  bends,  and  statistical  comparisons  were  made  on  the  processed  data.  Some  preliminary  results 
based  on  two  ln-fllght  and  two  simulator  viauomotor  performance  experiments  are  characteristic  and 
consistent.  During  competent  performance  of  the  vlsuomotor  task,  there  Is  a  significant  discrepancy  In 
the  amount  of  8  -  15  Hr  activity  between  the  left  and  right  hemispheres  In  the  eenaorlmotor  cortex.  The 
activity  w as  greeter  In  the  left  hemisphere  than  in  the  right.  This  discrepancy  was  Independent  of  hand 
dominance  and  age  of  subject.  It  disappeared  as  flight-related  performance  degraded,  and  it  did  not  occur 
if  the  subject  was  not  operating  the  controle.  The  temporal  modulation  of  this  activity  also  reflected 
these  changes.  For  hlgh-G  acceleration  manoeuvres  (4  -  5  G),  power  at  frequencies  below  8  Hz  increased 
significantly  in  a  non-specific  manner.  However,  If  competent  performance  was  manifested  during  Buch  G 
manoeuvres,  then  the  left-hemispheric  dominance  of  8  -  15  Hr  activity  continued  to  be  a  feature  of  the 
data.  During  the  ensuing  discussion,  it  was  suggested  that  these  observations  are  typical  of  the 
phenomenon  of  desynchronization,  wherein  there  la  Increased  beta  activity  concomitant  with  a  decrease  In 
alpha  activity  (which  can  occur  asymmetrically)  during  conditions  that  require  the  pilot  to  be  alert.  The 
authors  are  continuing  to  analyse  the  data. 

Papers  #32  (Wilson)  and  #33  (Fraser)  describe  the  brain  potentials  that  are  presumably  evoked  by 
vestibular  atlmull.  In  Paper  #32,  subjects  were  rotated  Into  left-  and  right-side  down  positions  from 
seated-uprlght  positions  at  a  roll  acceleration  of  about  45  degreea/a  centred  on  an  axis  passing  through 
the  nose.  Such  stimulation  generates  both  semicircular-canal  and  otolithic  neuronal  activity,  and, 
possibly  also,  somatosensory  evoked  activity.  The  effects  of  three  different  levels  of  mild  hypoxia  on 
the  long-latency  vestibular  evoked  response  was  addressed  In  Paper  No.  33.  The  authors  found  an 
appreciable  reduction  in  vertex  responses,  compared  to  air  control  levels,  with  breathing  gas  mixtures 
(1C. 7  &  16.6  ZO2)  that  provided  the  mildest  hypoxic  levels  tested.  However,  for  the  most  severely  hypoxic 
gas  mixture  (14.6  XO2),  there  was  a  reversal  of  effoct,  and  no  appreciable  difference  from  air  controls 
was  detected.  An  analogous  blphsslc  response  had  been  noted  earlier  In  studies  on  standing  steadiness, 
and  serial  choice  reaction  timeH  In  subjects  exposed  to  similar  levels  of  mild  hypoxia.  By  way  of  an 
explanation,  the  authors  suggest  that  mild  hypoxia  increases  the  rate  of  brain  dopamine  excretion,  while 
the  higher  hypoxic  levels  cause  it  to  return  to  normal;  thus,  accounting  for  the  blphaslc  response. 

5.6  Ncuroelectrlc  Activity:  Research  and  Clinical  Applications 

Papers  #34  (Frauendorf)  and  #35  (Johnson)  are  attempts  to  classify  drug  action  according  to 
VER- component  projections  In  a  factor  space.  The  method  entails  observing  the  mode  of  drug  action  on  the 
VERs  to  multi-channel  stimulation  of  the  visual  system;  viz.,  the  brightness  (to  full-field  flash 
stimuli),  contrast  (to  checkerboard  reversals),  and  colour  (to  colour  changes)  channels.  Following  a  Fast 
Fourier  analysis  of  the  digitized  raw  data,  latency  changes  were  measured  from  the  delta,  theta,  alpha  and 
beta  components  to  form  coefficients  of  activation  (latency  decreases)  and  attenuation  (latency 
Increases).  These  coefficients  were  used  as  variables  in  a  factor  analysis  that  employed  a 
varimax-rotation  procedure  to  provide  a  set  of  principal  factors  appropriately  oriented  In  space  to  best 
define  a  specific  mode  of  drug  action.  (The  variraax  procedure  entails  rotating  a  aet  of  principal  factors 
in  a  factor  apace  In  such  a  way  Chat  the  amount  of  variance  derived  from  each  successive  principal  factor 
is  maximized.  No  more  than  three  factors  were  required  to  account  for  roost  of  the  variances  of  the  VERs 
in  these  two  studies.)  The  method,  which  has  now  been  tried  on  five  antidepressants,  a  nootropic  drug  and 
three  cardiovascular  agents  shows  promise  as  a  clinical  tool,  but  work  is  required  to  prepare  the  results 
in  a  manner  comprehensive  enough  to  aid  in  interpretation. 

The  Centre  d'Etude  et  de  Recherchea  de  M6declne  Aerospatiale  (CERMA)  in  Paris  is  active  in  research 
dealing  with  the  pharmacological  control  of  states  of  vigilance,  in  the  context  of  maximizing  the 
operational  value  of  combat  aims  personnel.  As  part  of  this  research,  a  study  was  conducted  on  the 
effects  of  three  psychostimulant  substances  on  brain  electrical  activity  in  the  rhesus  monkey  by  Legarde 
and  Milhaud  (Paper  #36)  from  CERMA.  The  prime  objective  of  these  experiments  was  to  obtain  a  data  base  of 
EEC  properties  and  the  changes  caused  by  well-known  psychostimulants  at  different  dosages;  and  compare 
them  to  the  EEC  modifications  Induced  by  experimental  psychotropic  drugs.  The  authors  used  the  power 
spectral  density  to  analyze  EEC  dt.ta  into  different  frequency  bands  for  caffeine,  d-amphet amine  sulfate 
and  the  experimental  drug  CRL  40476.  In  general,  the  results  showed  that  caffeine  caused  a  significant 
Increase  in  delta  activity,  some  decrease  In  the  theta  and  alpha  bands,  and  variable  decreases  in  the  beta 
band.  Amphetamine  produced  an  increase  in  delta  and  alpha  activities,  relative  stability  with  signs 
towards  an  increase  In  theta  activity,  and  a  clear  decrease  in  beta  activity.  CRL  40476  caused  important 
Increases  in  delta  activity,  no  changes  in  theta  and  alpha  activity,  and  some  decrease  in  the  level  of 
beta  activity.  Thia  work  is  not  unlike  that  of  Itil  and  his  colleaguos  (Paper  #1)  who  have  much  more 
extensive  data  bases  of  the  EEG  profiles  of  both  healthy  subjects  and  patients  to  CNS-modlfying  drugs 
which  they  use  in  deriving  the  therapeutic  properties  of  experimental  drugs.  Of  significance  was  the 
finding  by  Itil'a  group  that  psychotropic  drugr  with  equivalent  therapeutic  properties  exhibit  similar  EEG 
profiles,  whereas  therapeutically  unequivalent  properties  produce  different  EEC  effects. 

A  reduced  tolerance  to  +Cz  accelerations  resulting  from  low  blood  sugar  levels  has  been  reported  to 
be  responsible  for  several  fatal  aircraft  accidents.  The  authors  of  the  thirty-seventh  paper  (Pored) 
investigated  the  quantitative  EEG  changes  that  occurred  in  normal  individuals  who  were  made  hypoglycemic 
through  the  use  of  an  artificial  pancreas  which  employed  a  glucose  clamp  technique.  Human  insulin  was 
Intravenously  administered  until  a  constant  level  of  43  mgZ  blood  glucose  was  reached.  The  study  showed 
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that,  with  such  hypoglycemic  levels,  there  it  a  olowing  of  alpha  activity}  In  particular,  In  tha  frontal 
brain  raglona  (cf.  with  Itll  —  Papar  #1).  Hyparventf lation  (which  cauoa*  cerebral  hypoxia  dua  to 
hypocapnia)  In  combination  with  tha  hypoglycemic  atata  did  not  act  aynarglatlcally  with  raapact  to  BBC 
changaa.  In  fact,  hyperventilation  appaata  to  counteract  tha  Blowing  of  tha  alpha  activity  cauaad  by  low 
blood  augar.  Tna  author*  caution  that  tha  significance  of  rauroglycopanla  —  glucoaa  deficiency  in 
neuron*  —  aacondary  to  hypoglycemia  aa  a  factor  in  aircraft  accidents  need*  examination. 

Tha  Snellen  acuity  teat  la  tha  standard  measure  for  determining  tha  resolving  power  of  tha  ays.  It 
•valuataa  tha  ability  to  accurately  recognise  progressively  smaller  black  letters  on  a  high  contrast 
background  —  a  white  chart.  Vleual  contrast  sensitivity  can  also  be  measured  by  uaing  alnawava  gratings 
of  alternate  dark  and  bright  bars  at  different  "spatial  f r aqua nc las"  aa  teat  targets.  This  method  has  tha 
advantage  that  visual  sensitivity  to  fine,  intermediate  and  coarea  details  can  be  separately  asaeaeed. 
Slnawave  gratings  era  used  clinically  to  detect  visual  pathway  disorders  that  are  not  necessarily  evident 
in  Snellen  seating.  Abnormal  VEPs  to  checkerboard  pattern  reversals  have  also  bean  used  to  diagnose 
neurological  dlaordars.  In  particular,  the  use  of  VBP  techniques  for  the  differential  diagnosis  of 
multiple  sclerosis  (MS)  la  quite  s  common  practice,  even  though  there  la  evidence  that  pattern  VBP  latency 
correlates  poorly  with  visual  function  In  patlants  with  NS.  In  an  attempt  to  resolve  this  predicament, 
the  authors  of  the  thirty-eighth  paper  (Regan)  combined  techniques;  end  used  high-  end  low-contrast 
Snellen  teste,  slnawave  gratings,  and  VBP  methods  to  large-  end  email-check  patterns  in  an  attempt  to 
detect  tha  full  range  of  visual  loss  in  patients  having  a  variety  of  dlseesee.  Their  results  lad  them  to 
believe  that,  provided  that  stimuli  ere  of  comparable  alias  (a.g.,  grating  of  low  spatial  frequency  ve 
large  checks),  then  there  la  good  correspondence  between  contrast  sensitivity  end  VBP  amplitude.  To 
further  improve  the  specificity  of  their  tests  to  MS,  the  authors  experimentally-induced  visual  fatigue  In 
their  patienta.  Preliminary  results  Indicate  that  abnormal  VBP  attenuation  to  the  fatigue  test  may  help 
to  differentiate  dsayellnating  diseases  from  other  visual  pathway  disorders.  The  specificity  la  not 
complete,  however,  because  fatigue  tests  do  not  dif feientlate  between  MS  and  ocular  hypertension.  VBP 
latency  would  appear  to  be  e  nonspecific  indicator  of  visual  pathway  disorders.  Clearly,  the  method  shows 
premia#  as  a  clinical  tool. 

Papers  #39  (Stavropovlos )  and  #40  (Merry)  ere  studies  of  the  correlation  of  EEC  activity  with 
aircraft  accidents.  The  first  of  these  papers  (#39)  la  a  ten-year  follow-up  relating  abnormal  EEC 
activity  with  aircraft  accidents  due  to  pilot  error  in  student  fighter  pilots  who  entered  the  Hellenic  Air 
Force  in  1975-76.  EEC  activity  was  considered  abnormal  If:  (a)  the  wakefulness  ESC  showed  a  "sharp-type" 
form  having  a  hemispheric  preponderance  wlth/wlthout  a  concomitant  Increased  activity  following  some  EEC 
activation  procedure  (e.g.,  by  photic  stimulation,  hyperventilation,  sleep  deprivation),  and/or  (b)  the 
drug-induced  sleep  EEC  showed  sharp  discharge  activity  with  hemispheric  preponderance.  Of  the  pilots 
classified  as  having  normal  EECs,  only  about  6X  werr  ...  '--iquently  involved  in  aircraft  accidents  that 
occurred  because  of  pilot  error}  whereas,  46X  classified  aa  having  abnormal  EEC#  were 
subsequently  Involved  in  these  kinds  of  accidents.  _  ..r,  pilots  with  abnormal  EEC  activity  seam  to  be 
more  predisposed  to  multiple  involvement  in  aircraft  accidents  than  the  others.  The  second  paper  argues 
in  favour  of  using  the  wakefulness  EEC  with  photic  stimulation  for  screening  aircrew  with  a  latent 
predisposition  to  epilepsy.  In  reviewing  the  literature,  Merry  concludes  that  there  is  a  clear-cut 
relationship  between  epileptic  seizure  (or  other  causes  of  sudden  loss  of  consciousness)  and  an  aircraft 
crash.  His  arguments  In  support  of  EEC  testing  are  baaed  on  the  fact  that  there  la  a  strong  correlation 
between  clinical  epileptic  seizures  and  focal  spike  wave  paroxysms  in  the  EEG.  Apparently,  there  la  a 
cumulative  incidence  of  epileptic  seizures  varying  from  2  to  5%  in  formerly  healthy  Individuals  showing 
abnormal  paroxysmal  aplke  activity. 

Paper  No.  41,  which  waa  to  discuss  the  use  of  the  auditory  evoked  response  In  audiometry,  was  not 
presented  at  the  Symposium. 

The  final  paper  of  the  Symposium  (#42,  Caetelo  Branco)  argues  for  the  use  of  cluster  analysis  and 
multivariate  analysis  for  distinguishing  the  differences  between  brain  stem  evoked  potentials  (BAKRs)  from 
control  and  study  conditions.  The  method  was  applied  to  compare  pre-flight  BAERs  In  military  pilots  with 
those  that  occurred  following  operator  fatigue  due  to  a  stressful  flight. 

6.  CONCLUSIONS 

6.1  The  electric  and  magnetic  activity  of  the  central  nervous  system  that  can  be  recorded  with  scalp 
sensors  la  being  studied  in  particular  detail.  The  papers  presented,  from  both  military  and  civilian 
institutions,  addressed  the  merit  of  employing  such  brain  measurements  both  in  the  prediction  of  human 
performance,  and  for  the  detection  and  qualification  of  clinical  disorders. 

6.2  Methods  for  extracting  signals  from  the  "noisy"  EEG  and  ERP  are  well  advanced.  Many  laboratories 
have  systems  employing  computer-aided  signal  enhancement  and  feature  extraction  methodologies  on 
multi-electrode  scalp  recordings  which  provide  dynamic  three-dimensional  colour  display  maps  of  brain 
function.  The  EEG  and  ERP  have  good  temporal  resolution  (in  ms).  However,  their  spatial  resolution  is 
poor  because  the  recorded  scalp  potentials  are  modified  by  the  different  resistivities  of  the  "tissues"  of 
the  head;  and,  accordingly,  are  Influenced  by  the  choice  of  reference  electrode  (e.g.,  single  ear, 
"linked"  ear,  nose  tip,  etc.).  A  Laplacian  spatial  transformation  can  now  be  applied  to  these  scalp 
potentials,  thereby  removing  the  Influence  of  the  chosen  reference  and  providing  improved  estimates  of  the 
"sources"  of  the  EEG  potentials.  Methods  of  controlling  or  rejecting  unwanted  eye  movements,  muscle 
potentials  and  other  artifacts  continue  to  be  Improved  and  developed. 

6.3  The  neurometric  or  quantitative  approach  to  diagnosing  abnormal  EEG/ERP  data  with  reference  to  a 
normative  data  base  that  la  age  dependant  but  "culture-  and  ethnic-orlgin-f ree"  deserves  to  be  developed 
further  and  assessed  against  known  methods  of  determining  neurological,  psychiatric  and  cognitive 
disorders.  For  the  method  to  be  truly  effective  in  an  adjuvant  diagnostic  screening  role,  the  cooperation 
of  many  laboratories  would  be  required  In  order  to  conduct  comparative  studies,  to  evolve  (aa  required) 
and  standardize  the  methodology,  and  to  increase  the  sample  sizes  of  the  data  bases  (both  normative  and 
abnormal). 
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6*4  The  "two-input”  technique  le  a  novel  Feat  Fourier  method  for  evaluating  sensory  nerve  pathways  and 
btaln  areas  that  respond  to  two  stimuli  simultaneously.  The  method  has  a  clear  clinical  application  for 
delimiting  common  brain  areas  that  respond  asymmetrically  to  certain  stimuli  (e.g.,  motions  in  two 
different  directions),  or  to  two  different  sensory  modalities  (e.g.,  to  visual  and  auditory  stimuli). 

6.5  Rapid  developments  are  occurring  In  the  field  of  neutomagne tome try.  The  MEG  Is  a  non-contact 
method  which  hay  a  good  capability  for  spatial  resolution  since  It  does  not  suffer  from  the  "reference" 
problem  that  hinders  the  KEG.  (Magnetic  fields  are  not  affected  by  the  different  "tissue"  resistivities 
of  the  head.)  To  Improve  spatial  resolution,  investigators  are  now  conceptualizing  MEG  systems  of  100  - 
120  senaors  which  should  provide  the  capability  for  real-time  brain  function  imaging  to  further  both 
clinical  diagnostic  and  behavioural  research. 

6.6  Perhaps  a  more  useful  system  for  monitoring  brain  function  is  one  which  combines  the  real-time 
imaging  of  EEG  and  MEG  with  the  imaging  of  NMR  and  PET.  Combined  with  the  PET  scan,  which  ldentifleo  the 
areas  of  the  brain  that  are  metabolising  organic  molecules  such  as  labelled  glucose,  it  should  be  possible 
to  relate  changes  in  energy  consumption  to  changes  in  EEG/MEG  activity  of  specific  brain  sources  and 
provide  some  new  insights  into  sensory  and  cognitive  processing.  NMR  can  further  reveal  the  location  of 
cortical  fissures  and  sulci,  cerebral  ventricles,  and  other  fluid-filled  anatomic  "spaces"  in  the  brain. 

6.7  The  use  of  physiological  measures  to  augment  performance-baaed  measures  and  subjective  ratings  in 
quantifying  human  information  processing  during  task  performance  shows  great  promise.  Physiological 
measures  such  cs  heart  rate,  eye  blinks,  ERP  and  EEG  are  relatively  unobtrusive,  continuous,  and  appear  to 
index  complementary  combinations  of  cognitive  activity  during  stress-task  protocols.  There  is  now  a 
sizable  body  of  research  demonstrating  that  the  ERP  components  of  P300  and  CNV  are  sensitive  and  reliable 
measures  of  cognitive  processing  in  tightly  controlled  laboratory  situations.  Nevertheless,  there  is 
still  some  doubt  as  to  their  true  psychological  significance  in  the  workplace.  There  arc  atrong  arguments 
fcr  developing  and  standardizing  s  "taxonomy  of  tasks"  whereby  specific  task  characteristics  are  related 
to  specific  F.RP  components  and  their  constituent  features  —  latency,  amplitude,  topographical  scalp 
distribution,  etc. 

6.8  Methods  for  obtaining  physiological  responses  during  airborne  and  simulator  missions  should 
continue  to  be  developed,  not  only  for  their  value  in  comparing  crew  performances  during  workload  in 
different  operational  environments,  but  also  for  their  ability  to  index  physiological  and  behavioural 
responses  to  unforseen  events. 

6.9  The  concept  that  different  brain  "preparatory  seta"  precede  accurate  and  inaccurate  task-related 
vlsuomotor  performances  in  right-handed  individuals  is  intriguing.  Consideration  of  hand-dominance  may  be 
a  requirement  in  the  design  of  future  aircraft  and  weapon  control  systems,  and  even  in  the  selection  of 
aircrew  candidates,  if  maximum  performance  is  to  be  achieved. 

6.10  Evoked-potential  methods  for  determining  pre-injury  modes  in  animals  undergoing  linear  impact 
accelerations  should  allow  the  development  of  criteria  for  exposing  human  volunteers  to  acceptable  levels 
of  linear  G-forces. 

6.11  EEG  and  EP  methods  for  predicting  pilot  G-LOC  look  promising,  but  arc  in  a  very  early  stage  of 
development  and  require  much  further  study.  In  particular,  the  use  of  adaptive  filters  to  monitor  the 
visual  evoked  response  may  be  a  practical  alternative  to  the  peripheral-vision  light  bar  in  human 
centrifuge  studies. 

6.12  The  definitive  experiment  to  determine  whether  or  not  there  is  a  true  vestibular  evoked  response 
still  needs  to  be  done. 

6.13  Good  progress  is  being  made  in  the  development  of  data  bases  consisting  of  the  parameters  obtained 
through  the  quantitative  assessment  of  multi- lead  EEG/ERP  activity  from  both  healthy  subjects  and 
patients  of  different  ages  in  response  to  different  CNS-modifying  drugs.  Much  more  extensive  data  bases 
will  be  required  if  the  therapeutic  effects  of  a  broad  range  of  experimental  drugs  are  to  be  established 
with  any  degree  of  confidence.  The  observation  that  paychotropic  drugs  with  different  therapeutic 
effect*  also  produce  different  EEG  profiles  is  a  major  step  towards  establishing  suitable  performance 
effectiveness  measures  with  which  to  assess  drug  effects. 

6.14  There  is  a  clear-cut  relationship  between  aircraft  incident/ accident  and  epileptic  seizure. 
Although  Imperfect,  the  standard  "wakefulness  EEG"  with  photic  stimulation  should  be  part  of  the  medical 
examination  of  candidate  military  aircrew.  If  focal  or  generalized  apikevave  paroxysms  are  detected,  then 
the  student  pilot  should  be  considered  at  risk  for  epilepsy  and  disqualified  from  flight  duty. 

7.  RECOMMENDATIONS 

7.1  The  topics  discussed  In  this  Symposium  are  of  fundamental  importance  If  progresa  is  to  be  made  in 
improving  human  performance  and  reducing  pilot  workload  at  the  man-machine  Interface  in  the  cockpit.  Many 
of  the  studies  that  wsre  presented  are.  part  of  on-going  programs  that  will  take  several  years  to  complete. 
By  all  accounts,  however,  the  study  of  brain  activity,  whether  through  EEG  or  MEG  techniques,  is  a  growing 
field  of  scientific  endeavour.  In  order  that  these  methodologies  may  become  part  of  the  armamentaria  of 
measures  and  techniques  that  Aerospace  Medical  Research  Institutes  use  in  evaluating  human  parformance,  it 
will  be  necessary  for  the  ACARD  Aerospace  Medical  Panel  to  continue  monitoring  the  activities  of  workers 
in  the  field.  Accordingly,  a  second  Symposium  should  be  held,  in  about  five-years'  time,  in  order  to 
assess  the  degree  to  which  these  techniques  have  been  adapted  to  the  problems  of,  and  practices  in, 
aerospace  medicine. 

* 

7.2  The  psychological  significance  of  the  physiological  components  and  the\r  conatltuent  parts  in 
relation  to  mantal  performance  in  operational  situations  remains  more  or  less  putative.  It  would  seem 
that  phyalological  signals  such  as  the  EEG/MEG,  the  ERP  and  magneto-evoked  activity,  eye  blinks  and  other 
ocular  activity,  heart  rate  and  other  cardio-respiratory  Indices,  the  galvanic  skin  response  (GSR),  the 
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elect romyogrsm  (EMG),  head  movements,  etc.  provide  a  rich  source  of  Information  with  which  to  assess 
psychological  processing.  Yet  the  question  remains:  How  beat  can  these  measures  augment 

performance-based  measures  and  subjective  ratings  as  Indices  of  human  performance  in  a  flight  simulator 
and  in  the  aircraft  cockpit?  It  is  recommended  that  a  Working  Group  of  experts  be  constituted  in  the  near 
future  under  the  auspices  of  the  AGARD  Aerospace  Medical  Panel  with  the  objective  of  producing  an  Advisory 
Report  that  addresses  this  issue.  The  experts  would  review  the  available  information  on  the  nature  of 
these  components  in  regard  to  indexing  the  different  aspects  of  mental  performance,  and  identify  which  of 
these  different  components  can  best  be  applied  to  field  situations  and  under  whet  conditions - 
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Figure  1*  Man  in  modern  cockpit.  These  lateral  and  superior  views  of  the  skull  indicate  all  of  the 
electrode  positions  according  to  the  10  -  20  International  Electrode  Placement  System  (adapted  from 
Jasper.  H.J.  Blactroenccph.  clin.  Neurophysiol.,  10:370  -  375,  1958).  Designations  are:  Frontal  pole 
(Fp),  Frontal  (F),  Central  (C),  Vertex  (Cs),  Temporal  (T)»  Parietal  (P),  Occipital  (0),  and  Ears  (Ai ,  A2). 
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Figure  2.  The  major  parts  of  the  central  nervous  system,  to  which  many  of  the  papers  In  the  Symposium 
make  reference.  The  cerebral  cortex,  which  la  associated  with  higher  perceptual,  cognitive  and  motor 
functions,  is  divided  Into  four  anatomically  distinct  regions:  the  frontal,  parietal,  temporal,  and 
occipital  lobes.  The  central  sulcus  is  one  of  the  most  prominent  grooves  in  the  cortex.  Cortical  areas 
associated  with  vision,  audition,  and  motor  actions  are  indicated*  Also  ohovn  are  the  cerebellum,  the 
brain  stem,  and  the  beginning  of  the  spinal  cord. 

The  background  electrical  activity  recorded  with  surface  electrodes,  the  EEG(  is  characterised  by 
the  following  four  frequency  bands: 

-  delta  <0.5  -  4  Hz), 

-  theta  (4  -  8  He), 

-  alpha  (8  -  12  Hz),  and 

-  beta  (12  -  30  Hz). 

The  term  evoked  potential  (EP)  was  originally  used  to  define  the  computer-averaged  transient 
responses  of  the  CNS  to  sensory  stimulation.  The  term  event-related  potential  (ERP)  is  now  more  commonly 
used  in  behavioural  studies.  Evoked  or  ’’exogenous"  components  are  stimulus-dependent  and  can  be  recorded 
from  many  levels  of  the  afferent  pathways.  Event-related  or  "endogenous"  components  are  those  components 
which  occur  independently  of  the  external  stimulus.  The  paper  by  Galllard  (#17)  further  delineates  the 
differences  between  exogenous  and  endogenous  components.  Figure  3  illustrates  both  types  of  components. 
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Figure  3.  The  auditory  exogenous  (solid  line)  and  endogenous  (dashed  and  dotted  lines)  components  in 
response  to  a  "click".  Shown  are  brain  stem  (waves  I  to  VI;  up  to  10  ms),  mid-latency  (N0  to  Nj,;  10  -  50 
ms),  and  long-latency  (Pi  to  N2;  over  50  ms)  exogenous  components.  and  the  P3  -  SW  complex  represent 
endogenoue  components  associated  with  different  modes  of  processing  (after  Hlllyard,  S.A.  TINS,  8:399  - 
405,  1905). 

Three  ERP  components  that  appear  more  often  than  others  in  the  papers  or  the  DISCUSSIONS  in  thla 
Symposium  are  the  following: 

(s)  the  P300  (see  Figure  4); 

(b)  the  contingent  negative  variation  (CNV  —  see  Figure  5);  and 

(c)  the  readiness  potential  (also  called  Bereitschaf tspotentlal  —  see  Figure  6). 
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Figure  4,  Shovm  is  the  P300  waveform 
which  occurs  as  a  positive  wave  In  the  EEC 
between  300  and  500  ms  following  certain 
kinds  of  events .  In  the  classic  "oddball" 
paradigm,  two  klnda  of  events  are 
presented  to  the  subj  ect .  The  subject  Is 
asked  to  pay  attention  to  one  kind  of 
event  (usually  the  rarer  one,  hence  the 
terminology  oddball),  and  to  Ignore  the 
other.  The  figure  Illustrates  the  marked 
difference  In  P300  amplitude  between  ERPs 
elicited  by  rare  attentive  evento  (bottom) 
and  frequent  unattentlve  events  (top). 
P300  Is  commonly  associated  with  percep¬ 
tion  (adapted  from  Donchln,  E.  In: 
Comer,  P.E.  Blocvbernetlc  Applications  for 
Military  Systems;  pp  69  -  100,  1980, 
Rept.  MDCE2191,  McDonald  Douglas  Corp.). 


Figure  5.  The  CNV  Is  a  slow  negative 
shift  In  the  EEC  baseline  which  develops 
between  a  warning  stimulus  (Sj)  and  an 
Imperative  stimulus  (S2)  which  demands  a 
response.  The  CNV  is  related  to 

expectancy  (adapted  from  Denoth,  F.  et 
al.  Ann.  N.Y.  Acad.  Scl.  425:177  -  187, 
1984). 
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Figure  6.  The  readiness  potential  Is  a 
slow  negative  scalp  potential  which 
precedes  the  actual  execution  of  a 
voluntary  movement  by  several  hundred 
mllllaeconds.  The  figures  snow  the  vertex 
response  (Cz)  and  EMC  to  passive  and 
voluntary  movements.  Volitional  response 
Is  preceded  by  a  slowly  increasing 
negativity.  The  readiness  potential  is 
related  to  Intention  (adapted  from 
Shlbaskl  et  al.  Electroenceph.  clln. 
Neurophysiol.  50:201  -  213,  1980). 
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Introduction 

The  performance  of  a  human  in  running  a  marathon  can  be  measured  directly.  A 
world  class  youthful  runner  can  complete  the  26  miles  in  slightly  more  than  2  hours, 
while  a  competent  middle  aged  runner  can  complete  the  race  in  something  less  than  4 
hours.  Thus,  despite  wide  age  differences,  championship  performance  is  only  a  factor 
of  2  better  than  mediochre  performance.  Furthermore,  we  know  if  a  runner's  capacity 
his  been  exceeded.  He  may  falter,  start  walking  and  even  withdraw  from  the  race.  In 
addition,  the  history  of  the  runner  in  terms  of  past  performance,  the  types  and  fre¬ 
quencies  of  past  injuries,  and  other  factors  as  well,  are  good  predictors  of  perfor¬ 
mance.  What  is  true  of  this  and  other  types  of  athletic  performance  may  even  be  true 
of  certain  kinds  of  mental  work,  and  the  results  used  to  predict  performance  that 
depends  upon  that  knowledge . 

Methodology  provides  a  unifying  theme  for  this  conference.  Many  of  the  papers 
deal  with  electrical  potentials  and  magnetic  fields  recorded  at  the  scalp  as  well  as 
with  advances  in  methods  for  analyzing  these  recordings.  Psychological  states  and 
cognitive  processes  are  directly  related  to  the  activity  of  the  brain.  It  is  pre¬ 
cisely  these  states  and  processes  that  make  it  so  very  difficult  to  define  highly 
skilled  performances  and  to  predict  their  outcomes.  Hence,  some  of  the  papers 
attempt  to  find  links  between  brain  measures  and  perrormance.  But  the  types  of  per¬ 
formance  of  concern  are  essentially  different  from  running  or  test  taking.  Instead, 
drowsiness,  disorientation  (which  may  or  may  not  be  related  to  drugs),  mental  work¬ 
load,  the  deployment  of  attention,  and  access  to  memories  are  assumed  to  be  related 
to  the  performance  of  intricate  tasks,  drowsy  drivers  may  fall  asleep  at  the  wheel, 
locomotive  engineers  under  the  influence  of  some  kinds  of  drugs  are  more  likely  to 
have  accidents,  and  pilots  overloaded  with  information  may  make  the  wrong  decision 
as  to  whether  or  not  to  engage  in  a  dogfight.  Despite  this  common  wisdom  it  is  an 
easy  matter  to  predict  performance  from  self-reports  of  fatigue,  information  over¬ 
load,  and  so  on.  Also,  the  precise  effects  of  strategies  for  deploying  attention  in 
some  situations  probably  do  not  predict  performance  in  other  more  complicated  situa¬ 
tions.  Performance  in  real  life  situations  may  not  be  predictable  even  if  we  know 
that  the  subject  suffers  from  mild  hypoxia  or  low  levels  of  intoxication,  partly 
because  the  events  we  want  to  predict  may  have  a  low  probability  of  occurrence,  and 
partly  because  they  are  influenced  by  many  other  factors.  So  some  of  us  have  turned 
to  the  brain.  Is  it  possible  that  measures  of  the  activity  of  the  brain  can  signifi¬ 
cantly  complement  behavioral  measures,  self-reports,  and  chemical  tests  of  the  blood 
in  predciting  performance?  We  would  be  remiss  if  we  did  not  study  brain  activity  if 
we  hope  to  understand  performance  of  tasks  involving  cognitive  processes  as  well  as 
acquired  intricate  motor  skills. 

The  study  of  brain  activity  is  an  increasingly  valuable  adjunctive  medical  pro¬ 
cedure.  It  also  shows  signs  of  becoming  useful  in  "diagnosing"  subclinical  disord¬ 
ers,  e.g.,  dyslexia,  although  there  are  still  grounds  for  some  reservations.  More¬ 
over,  studies  of  the  activity  of  the  intact  human  brain  promise  to  help  us  to  define 
momentary  states  that  coulo  contribute  to  variability  in  both  mental  and  physical 
task  performance.  This  optimistic  assessment  is  admittedly  larqely  subjective,  but 
some  of  the  advances  described  at  this  meeting  tend  to  justify  the  optimism. 

It  is  important  to  note  that  cognitive  neuroscience  is  not  a  young  discipline, 
but  it  is  teribly  immature.  We  cannot  say  with  confidence  that  a  particular  normal 
individual  will  almost  certainly  place  his  aircraft  at  risk  because  of  some  proper¬ 
ties  of  hiu  EEG.  In  fact,  cognitive  neuoroscience  is  still  at  a  descriptive  level 
of  development,  we  are  still  trying  to  decide  what  various  physiological  and  psycho¬ 
logical  stressors  do  to  the  brain  activity  we  measure.  We  want  to  further  our 
understanding  of  brain  events  known  to  be  associated  with  particular  tasks  and 
events  associated  with  those  tasks.  Truly,  remarkable  beginnings  have  been  made.  We 
know  that  P300  is  related  to  perceptual  processing  of  rare  events  and  to  the 
transfer  of  information  between  long  term  and  short  term  memory,  we  even  know  some- 
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thing  about  the  place  in  the  brain  that  contributes  to  the  P300  wave  detectable  at 
the  scalp.  However,  we  know  very  little  about  the  neural  events  that  precede  P300 
and  are  causally  related  to  it.  Clearly,  sensory  processes  are  not  necessary  events 
in  that  sequence,  because  P300  occurs  when  an  expected  event  does  not  occur.  N10Q  is 
modulated  by  selective  attention,  and,  unlike  P300,  sensory  pathways  seem  to  play  a 
very  important  role,  but  we  shall  have  more  to  say  about  that  later.  N400  seems  to 
be  associated  with  semantic  incongruity,  and  the  readiness  potential  may  well  teach 
us  much  about  the  accuracy  of  responses  in  choice  reaction  experiments.  Moreover,  we 
are  beginning  to  learn  to  identify  unusual  patterns  and  sequences  of  activity  in  the 
ongoing  EGG  that  could  reflect  important  but  otherwise  unobservable  inner  processes. 
We  believe  that  much  can  be  learned  from  neuropathology,  which  may  display  on  a 
grander  scale  subtler  subclinical  processes  that  are  now  difficult  to  detect  in  the 
"noise"  of  the  ongoing  and  seemingly  normal  EEG. 

Of  course  our  ideas  about  performance  and  workload  must  also  be  refined.  The 
racing  analogy  is  largely  inapplicable  to  cognition.  Measures  of  mental  work  and 
its  quality  are  not  the  same  as  those  for  physical  work.  Moreover,  by  now  we  are 
all  disenchanted  with  the  originally  seductive  idea  that  the  answer  lies  in  informa¬ 
tion  theory.  Humans  are  not  simple  transmitters  of  information.  Some  of  us  "chunk" 
information  and  handle  large  amounts  of  it  with  seeming  ease,  while  in  other  cir¬ 
cumstances  the  same  persons  may  be  unable  to  process  very  little  Information.  .How¬ 
ever,  we  are  becoming  more  sophisticated  here  too.  For  example,  "structural  informa¬ 
tion  theory"  is  coming  to  replace  the  now  outmoded  direct  application  of  information 
theory  to  the  problem  of  defining  perceptual  "simplicity",  and,  by  inference  its 
inverse,  "complexity".  If  this  is  true  of  relatively  passive  perceptual  organiza¬ 
tion,  why  should  simple  dafinitions  of  "workload"  or  of  "performance"  apply  to  human 
activities  of  all  types?  Clearly,  the  conjoint  study  of  cognitive  psychology  and  of 
cognitive  neuroscience  can  lead  to  progress  that  may  not  be  so  readily  achieved  from 
within  either  discipline  alone. 

New  physical  methods  for  the  study  of  brain  activity  represent  remarkable 
advances  over  those  available  just  a  few  years  ago,  and  promise  to  make  it  easier  to 
perform  experiments  that  are  more  obviously  related  to  cognitive  processes.  These 
new  methods  include  improved  techniques  for  measuring  the  brain's  magnetic  field, 
particularly  the  advent  of  multichannel  recording.  I  shall  have  more  to  say  about 
this  and  its  implication  later.  But  let  us  not  neglect  the  marvelous  progress  in  the 
technology  associated  with  measuring  regional  cerebral  blood  flow,  using  materials 
that  have  half-lives  on  the  order  of  2  minutes.  While  cyclotrons  are  still  needed  to 
produce  such  materials,  the  results  obtained  to  data  promise  to  reveal  much  about 
the  functions  of  various  portions  of  the  brain.  AI30,  the  application  of  increas¬ 
ingly  sophisticated  techniques  to  EEG  recording  promises  to  make  us  free  at  last  of 
restricting  our  attention  primarily  to  activity  that  is  time-locked  to  particular 
events.  It  may  now  be  possible  to  distinguish  reliably  between  states  of  alertness 
and  drowsiness  by  employing  advanced  quantitiative  methods  in  analyzing  the  ongoing 
ELG.  Similarly,  different  portions  of  the  EEG  spectra  and  hemispheric  asymmetries 
may  well  be  related  to  the  level  of  sustained  attention.  Correct  and  incorrect  deci¬ 
sions  in  choice  reaction  times  seem  to  be  preceded  by  differential  activity  in  the 
frontal  areas  of  the  two  hemispheres,  and  so  on. 

The  stuciy  of  time-locked  activity  is  still  important  and  uninformative.  One 
relatively  recent  advance  is  activity  that  is  time-locked  to  vestibular  stimulation. 
This  promises  to  teach  us  much  about  spatial  orientation  perception,  as  well  as 
about  the  effects  of  environmental  factors  on  this  vital  capacity.  Also,  we  are 
learning  to  study  Interactions  among  time-locked  brain  responses  to  different 
stimuli,  ,  and  this  tool  lends  itself  to  the  determination  of  which  perceptual  or  cog¬ 
nitive  functions  involve  common,  overlapping  or  fully  shared  capacities  or  resources 
of  the  CNS. 

In  the  time  permitted  me,  I  cannot  give  you  a  detailed  overview  of  what  is  to 
be  presented  at  this  conference.  However,  the  topics  I  have  mentioned  are  not  not 
isolated  instances.  The  world  of  cognitive  neuroscience  is  becoming  far  richer  in 
content  and  method  than  many  of  us  could  have  predicted  a  few  years  ago.  In  the 
remaining  time  I  would  like  to  cover  the  work  of  our  group  at  New  York  University, 
since  I  feel  that  what  my  colleagues  and  I  have  been  doing  is  one  of  the  more  excit¬ 
ing  developoments .  I  should  add  that  this  work  is  cot  the  product  of  our  laboratory 
alone.  Many  groups  throughout  the  world  have  contributed  to  the  rapid  advances  in 
this  area,  and  I  want  to  take  this  opportunity  to  thank  all  of  them  for  openness  in 
sharing  information,  and  for  the  collaborative  work  that  has  gone  on  across  labora¬ 
tories.  In  particular,  I  want  to  mention  the  group  in  Finland  (Riita  Hari  and  her 
colleagues),  Italy  (G.-L.  Romani  and  his  colleagues).  West  Germany  (S.  Erne'  and 
also  T.  Blum  and  their  colleagues),  Canada  (H.  Weinberg  and  his  colleagues),  and  the 
United  States  (J.  Beatty;  E.  Flynn;  J.  Wikswo;  C.  Hatzell;  D.  Cohen;  and  all  of 
their  colleagues,  who  are  really  too  numerous  to  mention) .  I  also  want  to  express 
our  gratitude  to  colleagues  working  with  event  related  potentials.  They  been 
extremely  supportive  of  our  work,  particularly  in  the  days  when  what  we  were  doing 


was  not  quite  respectable.  These  include  E.  Donchin,  S.  Hillyard,  T.Picton,  D.  M. 
Regan,  I.  Bodis-Wollner,  R.  Naatanen,  and  others  whom  I  would  like  to  mention  if 
time  were  available,  if  it  weren't  for  these  and  other  friends  and  colleagues,  none 
of  us  would  be  where  we  are  today.  That  is  why  I  mention  these  people  in  the  body  of 
my  paper  rather  than  in  obscure  and  easily  ignored  footnotes. 

Although  the  mood  of  this  paper  is  suitable  for  a  keynote  address,  this  audi¬ 
ence  is  undoubtedly  interested  in  a  substantive  technical  presentation  as  well. 
Therefore#  the  remaining  portion  of  the  paper  will  be  devoted  to  recent  work  done  in 
our  laboratory.  I  shall  focus  on  three  main  areas.  The  first  is  the  development  and 
testing  of  multi-channel  neuromagentometers,  since  it  now  seems  evident  that  such 
instruments  stand  the  best  chance  of  giving  us  the  information  we  need  about  the 
activity  of  the  brain.  I  will  briefly  discuss  the  relationship  between  the  numbers 
of  sensing  channels  and  the  background  noise.  Also,  I  shall  provide  a  brief  acount 
of  some  of  the  analytical  methods  we  have  been  applying  to  neuromagnetic  data.  This 
will  be  illustrated  in  the  context  of  a  specific  experiment  dealing  with  selective 
attention . 

Instrumentation 

JL .  Background 

Before  beginning  this  section,  it  is  irnporta.it  to  stress  the  fact  that  the  work 
I  am  about  to  describe  is  the  result  of  a  team  effort,  and  credit  should  be  given  to 
colleagues  who  have  worked  with  us  at  various  times  over  the  past  15  years.  Natur¬ 
ally,  Samuel  J.  Williamson,  who  is  my  co-director  of  the  Neuromagnetism  Laboratory, 
played  a  major  role  in  all  of  the  work  we  have  accpmlished.  Drs.  Douglas  Brenner,  Y. 
Okada,  H.  Pellizone,  R.  Ilmoniemi,  P.  Costa  Ribiera,  and  B.  Schwartz  ali  made 
important  contributions.  Dr.  Rodolfo  Llinas,  who  led  the  effort  to  found  the  CNM  at 
Bellevue  deserves  a  special  acknowledgement.  Our  current  and  past  graduate  students 
also  played  important  roles  in  many  of  the  projects  we  have  undertaken.  In  particu¬ 
lar  I  want  to  single  out  Sarah  T .  Curtis  who  collaborated  with  us  in  the  study  of 
selective  attention  to  be  described  at  the  end  of  this  paper. 

The  first  studies  of  extracranial  magnetic  field  patterns,  or  magnetoencephalo¬ 
gram  (MEG)  made  use  of  a  single-channel  instrument  in  a  magnetically  shielded  room 
(7) .  Such  high-sensitivity  studies  were  made  possible  by  a  cryogenic  device  known 
as  the  SQUID  (Superconducting  Quantum  Interference  Device) .  This  senses  the  field 
of  interest  by  means  of  a  detection  coil,  and  the  probe  containing  this  system  is 
suspended  within  a  vacuum-insulated  container  (dewar)  filled  with  liquid  helium. 
Our  own  first  instrument  made  use  of  a  detection  coil  having  the  geometry  of  a 
second-order  gradiometer.  This  type  of  detection  coil  discriminates  against  noise 
sources  that  are  far  away  because  they  produce  spatially  uniform  fields,  to  which 
the  gradiometer  is  insensitive.  To  improve  the  rejection  of  amibient  fields,  small 
superconducting  tabs  placed  near  the  coil  were  adjusted  by  rods  extending  through 
the  top  of  the  dewar  so  that,  in  effect,  the  areas  outlined  by  the  individual  turns 
of  wire  in  the  coil  could  be  matched.  This  adjustment  is  called  "field  balancing". 
Our  first  3uch  instrument  (8)  employed  an  rf-SQUID  which  permitted  us  to  detect 
fields  that  were  as  weak  as  one  billionth  the  strength  of  the  earth's  steady  field 
without  shielding  in  a  normal  laboratory  environment.  Ultimately  the  rf-SQUID  was 
replaced  by  an  even  more  sensitive  dc-SQUID,  so  that  the  limiting  factor  at  low  fre¬ 
quencies  was  no  longer  SQUID  sensitivity  but  the  residual  ambient  magnetic  noise. 

2.  Multiple  Channel  Neuromaqnetometers 

Fields  originating  in  sources  In  the  primary  sensory  areas  tend  to  be  quite 
stable  over  time  for  any  given  subject.  However,  by  definition,  labile  sources, 
those  affected  by  states  of  attention  or  arousal,  are  not  stable  over  time.  Thus, 
to  study  "event-related  fields"  it  is  necessary  to  avoid  the  assumption  of  sta¬ 
tioner  ity.  One  way  to  do  this  is  to  measure  the  field  at  several  places  outside  the 
head  at  the  same  time.  Replications  of  measurements  at  or  near  some  of  these  places 
while  measuring  the  field  at  more  distant  places  enable  one  to  determine  if  the 
source  of  the  observed  field  is  indeed  the  same  from  one  trial  to  the  next. 

There  is  still  another  justification  for  multiple-channel  instruments.  It  sim¬ 
ply  takes  too  long  to  collect  enough  data  to  allow  the  construction  of  accurate  maps 
of  the  field  radial  to  the  head.  Such  maps  are  needed  if  we  are  to  compute  the 
location,  orientation  and  strength  of  the  underlying  source  of  the  field. 

It  should  be  noted  that  it  is  also  essential  that  the  position  and  orientation 
of  the  head  relative  to  the  sensors  be  known  is  equally  important  to  the  accurate 
description  of  the  underlying  source.  We  will  not  discuss  the  latter  problem  here 
except  to  say  that  new  methods  have  already  been  developed  which  enable  us  to 
automatically  record  the  head's  position  and  orientation  relative  to  the  detection 
coils  within  the  dewar.  Completed  tests  of  these  methods  demonstrate  their  feasibi1- 


ity.  A  fuller  technical  discussion  of  this  subject  will  become  available  in  the  near 
future. 

Returning  to  the  topic  at  hand,  we  collaborated  with  Biomagnetic  Technologies,- 
Inc.  (BTi)  in  developing  and  constructing  a  5-channel  system  (11)  .  The  individual 
coils  of  the  five  second-order  gradiometers  in  this  system  are  1.5  cm  in  diameter 
with  the  end  sets  separated  from  the  middle  set  by  4  cm  (the  "baseline"  of  the  gra- 
diometer) .  The  bottom  coils  ("pick-up  coils")  of  the  gradiometers  have  a  center-to- 
center  separation  of  2  cm  from  each  other,  with  the  axes  of  the  outer  four  coils 
tipped  by  10  deg  from  the  dewar  axis  so  that  each  coil  points  to  a  common  position  3 
cm  below  the  bottom  of  the  dewar.  While  we  relied  upon  the  mechanical  positioning  of 
superconducting  tabo  to  obtain  field  balance  in  our  single-sensor  system,  as  did 
Romani  et  cl.  (12)  ior  a  4-sensor  system,  we  adopted  a  totally  new  procedure  in  this 
system.  Instead  we  incorporated  three  rf-SQUID  magnetometers  for  monitoring  the 
field  in  three  orthogonal  directions  just  above  the  detection  coils  and  a  simple 
first-order  gradiometer  for  monitoring  the  field  gradient  along  the  axis  of  the 
dewar.  The  outputs  of  these  ancillary  devices  are  given  empirically  determined 
weights,  and  then  subtracted  from  the  outputs  of  each  of  the  five  signal  channels. 
This  "electronic"  field  balancing  yields  results  comparable  to  those  obtained  with 
the  mechanical  field  balancing  for  the  single-channel  instrument.  The  noise  level 
above  about  4  Hz  in  each  channel,  after  subtracting  the  weighted  outputs  of  the 
references,  is  about  20  femtotesla  (fT)  per  root  Hz  of  bandwidth.  However,  at  lower 
frequencies  the  noise  amplitude  increases  at  a  rate  that  is  slightly  faster  than  the 
inverse  of  the  frequency.  This  effect  of  ambient  magnetic  noise  is  pervasive,  and  it 
seriously  restricts  our  ability  to  measure  very  slowly  changing  fields.  Excess  noise 
at  power  line  frequencies  is  largely  removed  by  comb  filters. 

Our  experience  with  this  system  convinced  us  that  it  is  indeed  possible  to 
place  a  large  number  of  channels  in  close  proximity  to  each  other  within  a  single 
dewar,  i.e.,  the  "cross  talk"  between  channels  was  le3s  than  1  %.  Since  we  were  also 
thinking  in  terms  of  clinical  applications,  it  becama  increasingly  obvious  that  it 
will  ultimately  be  necessary  to  monitor  the  field  over  the  entire  scalp  at  once. 
Although  many  technical  problems  remain,  we  consider  it  feasible  to  construct  a  sys¬ 
tem  composed  of  about  100  channels  within  a  single  dewar.  As  an  intermediate  3tep, 
BTi  is  now  producing  7-channel  neuromagnetometers  similar  to  the  5-channel  system 
described  above.  A  pair  of  these  instruments  is  now  installed  at.  Bellevue  Hospital 
where  a  Center  For  Neuromagnetism  (CNM)  was  established  within  the  Department  of 
Physiology  and  Biophysics  at  NYU. 

It  is  becoming  clear,  however,  that  evtn  with  electronic  balancing  for  field 
and  its  second-order  gradient  (the  method  in  use  in  more  advanced  7-channel  systems, 
such  as  those  installed  at  Bellevue  and  at  UCLA)  the  low-frequency  noise  level  may 
not  be  acceptable  for  all  state-of-the-art  neuromagnetic  measurements.  For  instance, 
there  is  increasing  interest  in  slowly  varying  phenomena  related  to  higher  levels  of 
brain  function,  such  as  cognition.  It  appears  that  these  cun  be  studied  mo3t  effec¬ 
tively  in  a  clinical  or  laboratory  setting  through  use  of  a  magnetically  shielded 
room  to  better  reduce  low  frequency  magnetic  noise.  Several  types  of  rooms  have  been 
described  in  the  literature  for  use  in  noisy  environments  (111,14),  although  simpler 
ones  may  suffice  in  clinics  and  laboratories  in  suburban  or  rural  areas. 

3.  Implications  of  Multiple  Measurements 

While  work  is  progressing  along  several  different  lines  toward  the  goal  of 
resolving  and  locating  sources  of  neuromagnetic  fields,  in  this  section  we  shall 
focus  on  the  implications  of  using  multiple  sensors  for  source  localization.  Our 
motivation  for  employing  14  sensors  (7  in  each  of  two  dewars)  at  the  CNM  at  Bellevue 
is  perhaps  best  explained  by  considering  the  precision  with  which  field  measurements 
can  locate  the  simplest  neural  source:  a  confined  region  of  activity  that  can  be 
modeled  by  an  equivalent  current  dipole.  Such  a  dipole  is  characterized  by  5  parame¬ 
ters:  the  strength  Q  of  its  moment  tangential  to  the  scalp  (the  normal  component  is 
magnetically  silent);  transverse  position  x  and  y  in  the  tangent  plane;  depth  D 
beneath  the  scalp;  and  orientation  £>SI  in  the  tangent  plane.  Therefore,  in  princi¬ 
ple,  our  S-sensor  probe  is  sufficient  to  determine  the  parameters  with  simultaneous 
measurements  at  a  single,  appropriate  position.  Computations  for  the  case  where  the 
probe  is  centered  on  one  of  the  two  field  extrema  show  that  while  this  is  indeed 
true,  the  presence  of  a  typical  level  of  magnetic  noise  introduces  considerable 
uncertainty  in  the  values  of  these  parameters  (15).  Table  1  illustrates  this  in  com¬ 
parison  with  the  uncertainties  for  systems  with  a  single  7-sensor  probe  and  a  pair 
of  7-sensur  probes  similar  to  those  installed  at  Bellevue,  since  these  are  the  most 
advanced  available  systems.  With  a  noise  level  of  only  101  the  uncertainties  in 
strength  and  depth  exceed  30%  for  both  5-  and  7 -sensor  probes,  although  the  latter 
provides  a  significant  advantage  in  determining  the  lateral  position  and  orienta¬ 
tion.  By  comparison  a  14-sensor  system  provides  a  marked  advantage  in  tl.e  precision 
of  all  parameters,  with  less  than  16%  uncertainty  in  strength  and  depth,  2  mm  uncer- 
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tainty  in  lateral  coordinates,  and  3  deg  in  orientation.  We  hasten  to  add  that  these 
computations  are  for  a  favorable  situation  where  the  dipole  is  relatively  shallow, 
i.e.,  when  its  depth  is  comparable  to  the  distance  separating  the  detection  coils 
within  a  given  probe.  For  deeper  sources  the  uncertainties  will  be  greater.  Furth¬ 
ermore,  this  illustration  is  based  on  a  simplified  spherical  model  of  the  cranium 
where  the  electrical  conductivity  is  assumed  to  depend  on  radial  but  not  angular 
position  (the  external  magnetic  field  pattern  then  being  independent  of  the  exact 
functional  description) ,  Nevertheless,  the  results  shown  in  Table  1  clearly  display 
the  relative  advantage  of  using  a  large  array  of  sensors. 

It  is  worth  noting  that  similar  considerations  apply  to  determining  the  posi¬ 
tion,  orientation  and  strength  of  a  equivalent  current  dipole  source  from  potential 
measurements.  However,  in  this  case  at  least  7  electrodes  are  required  to  fully 
characterize  a  single  dipole  source  -  and  that  is  true  only  when  the  noise  level  is 
negligible.  In  the  EEG  the  background  activity  is  generally  larger  an  amplitude  than 
is  that  encountered  in  the  MEG  (where  ambient  noise  and  not  "brain  noise"  is  the 
limiting  factor.  Therefore,  many  more  than  7  electrodes  are  required  if  one  is  to 
even  attempt  to  deal  with  more  than  one  source  at  a  time. 

TABLE  1 

Uncertainties  in  best-fitting  current  dipole  parameters  for  various  levels  of  noise, 
expressed  as  a  percentage  of  the  dipole  field  sensed  at  a  field  extremum.  Tne  dipole  is 
located  at  a  depth  of  2  cm  in  a  spherical  head  of  9-cm  radius.  For  the  5-  and  7-sensor 
systems,  the  probe  was  centered  on  one  of  the  field  extrema;  the  14-sensor  system 
consists  of  two  7-scnsor  probes  which  were  centered  on  the  two  extrema. 


PROBE 

NOISE 

(%) 

_Q/Q 

(%) 

D/D 

(%) 

_x 

(mm) 

z 

(mm) 

PSI 

(deg) 

5-sensor 

5 

21 

16 

4.6 

13.6 

40 

10 

42 

31 

6.7 

20.0 

64 

7-sensor 

5 

20 

15 

1.2 

4.0 

12 

10 

44 

31 

2.6 

8.1 

14 

14-sensor 

5 

8 

6 

0.4 

1.0 

3 

10 

16 

11 

0.8 

1.9 

6 

4 .  Remarks  on  Sensory  Evoked  Fields 


One  of  the  principal  advantages  of  neuromagnetic  methods  is  the  possibility  of 
locating  sources  of  neural  activity  by  a  relatively  simple  procedure  (1,16).  The 
procedure  does  not  require  knowledge  of  the  exact  shape  of  the  head,  but  merely  the 
sphere  that  best  fits  the  relevant  region  of  the  head.  Recently  it  was  argued  that 
the  sphere  fitting  the  inner  surface  of  the  skull  nearest  the  source  is  most 
appropriate  (5,17).  in  any  event,  if  the  source  is  sufficiently  confined  to  allow  it 
re  be  reasonably  well  modeled  as  an  equivalent  current  dipole  in  a  spherical  head, 
tne  resulting  pattern  across  the  scalp  of  the  radial  component  of  the  field  is 
always  the  similar:  there  is  one  region  of  outward  field  »nd  another  of  inward 
field.  This  universality  is  due  to  the  fact  that  only  the  tangential  component  of 
the  dipole  contributes  to  the  field  outside  the  head  -  the  radial  component  is  mag¬ 
netically  "silent".  Magnetic  field  lines  form  clor-ed  loops  around  the  dipole,  and 
the  extrema  indicate  where  the  loops  are  most  dense  where  they  emerge  from  and  enter 
the  scalp.  To  determine  the  lateral  position  and  depth  of  the  current  dipole,  it  is 
only  necessary  to  locate  the  positions  of  the  maximum  outward  and  inward  radial 
field.  The  dipole  is  located  midway  between  these  extrema,  and  it  is  oriented  per¬ 
pendicular  to  a  line  joining  the  extrema,  in  the  sense  given  by  the  right-hand  rule 
of  electromagnetism.  Its  depth  is  determined  by  the  ratio  of  the  distance  between 
the  extrema  t.o  the  radius  of  the  sphere.  The  strength  of  the  dipole  (the  current 
dipole  moment)  is  proportional  to  the  value  of  the  maximum  field  and  related  to  the 
depth  of  the  dipole. 


To  exploit  this  ability  to  locate  sources  of  fields,  Romani 
studied  the  steady-state  response  to  a  tone  whose  amplitude  was 
lated  at  a  rate  of  32/sec.  Mapping  the  field  patterns  for  tones 
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sinusoidally  modu- 
having  di f ferent 


carrier  frequencies  showed  that  the  depth  of  the  source  increased  monotonica 1 1 y  with 
frequency,  with  the  cumulative  distance  across  the  auditory  cortex  within  the  Syl¬ 
vian  fissure  from  one  source  to  the  next  varying  as  the  logarithm  of  the  frequency. 
This  demonstrated  the  existence  of  a  tone  map  across  the  auditory  cortex  which 
extends  over  a  distance  of  about  2  cm  for  the  range  100  -  5000  Hz.  Thus,  using  a 
simple  sphere  model  we  were  able  to  demonstrate  the  tonotopic  organization  of  a  por¬ 
tion  of  the  human  auditory  cortex  (Figure  1) . 
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Figure  1.  Tonotopic  organization  of  activity  across  auditory  cortex  represented  by 
locations  of  the  equivalent  current  dipole  sources,  for  steady  state  responses  to 
amplitude  modulated  tones  of  the  indicated  frequencies.  The  star  indicates  the  posi¬ 
tion  of  the  response  to  c.lic)c  stimuli  presented  at  32/sec  whose  power  spectrum  peaks 
at  900  Hz. 


The  potential  evoked  by  a  long  tone  burst  contains  four  major  components  com¬ 
monly  referred  to  as  P50  (latency  of  about  45  ms),  N100  (90  ms),  P200  (160  ms)  and  a 
steady  potential  (SP) .  It  is  no''  agreed  that  one  source  of  the  N100-P200  complex 
(21,23,24)  lies  in  the  auditory  cortex.  However,  variations  in  amplitudes  at  dif¬ 
ferent  electrodes  suggest  that  the  complex  should  be  modeled  by  more  than  one 
equivalent  current  dipole  (21,26,27). 

These  findings  are  nicely  complemented  by  auditory  evoked  f.ieid  studies.  First, 
however,  we  should  mention  the  convention  of  affixing  an  "m"  after  the  symbol  for  an 
evoked  potential  component  to  indicate  that  we  are  discussing  a  neuromagnetic  corre¬ 
late  of  that  component.  Thus,  "NIOOm”  is  the  neuromagnetic  counterpart  to  the 
potential  referred  to  as  "N100'1,  and  the  "m"  emphasizes  that  the  magnetic  and  elec¬ 
tric  components  may  not  in  general  be  attributable  to  identical  sources. 

The  first  observations  of  the  auditory  evoked  field  components  P50m  and  NIOOm 
were  made  over  the  temporal  area  by  Reite  et  al.  (28)  for  click  stimuli,  but  Farrell 
et  al.  (29)  were  the  first  to  note  an  anterior-posterior  polarity  reversal  for  P50m 
which  implied  that  the  position  cf  its  source  was  in  or  near  the  primary  auditory 
cortex.  Elberling  et  al.  (30)  studied  responses  to  tone  bursts  of  long  duration  and 
found  a  polarity  reversal  for  NIOOm  suggesting  that  its  source  lay  in  the  same  gen¬ 
eral  area.  Haul  et  ai.  (31)  also  reported  a  reversal  of  polarity  of  NIOOm  and  P200m, 
as  well  as  the  steady  field  (SF),  where  the  positions  of  the  extrema  were  consistent 
with  dipole  sources  in  or  near  primary  auditory  cortex  with  moments  oriented  per¬ 
pendicular  to  the  lateral  sulcus.  Thus,  all  of  these  major  components  of  the  tran¬ 
sient  auditory  response,  viz.  P50m,  NIOOm,  P200m  and  SF,  seem  to  originate  in  the 
vicinity  of  the  auditory  cortex. 

As  already  indicated,  electrical  potential  data  suggest  that  N100  may  well 
reflect  the  activity  of  more  than  one  source.  This  is  confirmed  by  a  study  (32)  in 
which  the  amplitudes  of  NIOOm  and  the  vertex-recorded  N100  were  compared  as  the 
interstimulus  interval  (ISI)  was  increased.  It  wa3  found  that  N100  and  NIOOm  do  not 
grow  at  the  same  rates  with  ISI.  This  is  but  one  example  of  how  the  neuromagnetic 
and  electrical  measures  may  complement  each  other,  since  the  formor  is  primarily 
sensitive  to  sources  that  are  tangential  to  the  scalp  while  the  latter  is  sensitive 
to  both  tangential  and  to  radial  sources.  Moreover,  sources  at  distant  cerebral 
positions  may  well  contribute  to  electrical  potential  differences,  while  this  is  far 
less  likely  to  happon  in  magnetic  recordings  (33) .  However,  one  caveat  is  in  order. 
Hari  et  al.  measured  N100  using  a  vertex  electrode  ..•hich  was  affected  by  electrical 
activity  originating  in  both  hemispheres.  Her  complementary  magnetic  measurements 
were  made  over  the  left  hemisphere  in  all  subjects.  It  is  possible  that  there  was  a 
asymmetry  in  the  effect  of  ISI  on  N100,  with  it  saturating  after  longer  ISIs  in  the 


right  hemisphere  than  in  the  left.  If  this  hypothesis  is  confirmed,  it  could  reduce 
the  need  to  postulate  sources  that  affect  N100  but  are  silent  with  regard  to  their 
effect  on  NlOOm. 
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Assuming  that  tne  sources  contributing  to  N100  are  not  identical  to  those  that 
contribute  to  NlOOm,  it  is  also  interesting  than  the  sources  of  NlOOm  and  of  P200m 
are  not  in  precisely  the  same  place  on  the  auditory  cortex  (34) .  Those  components 
may  differ  functionally  as  well,  but  this  has  yet  to  be  determined. 

Arthur  et  al.  (36)  examined  the  field  patterns  associated  with  PlOOm,  NlOOm, 
P200m  and  SF  where  the  stimuli  were  500-ms  tone  bursts  of  250  and  2300  Hz.  The 
sources  of  all  of  these  components  for  a  given  subject  lie  within  a  spherical  volume 
of  2  cm  radius  in  the  vicinity  of  primary  auditory  cortex.  Pelizzone  et  al.  (35) 
found  that  tho  sources  of  the  NlOOm  and  P200m  components  for  tone  bursts  having  an 
abrupt  onset  were  not  selectively  affected  by  frequency.  However,  Hoke  et  al.  report 
tonotopicity  in  the  locations  of  sources  of  NlOOm  (this  conference) . 

It  is  highly  relevant  to  the  purpose  of  this  conference  that  some  components  of 
the  auditory  response  are  strongly  affected  by  attention  or  other  cognitive  states 
of  the  subject.  In  particular,  the  classic  electrical  N100  and  P200  show  strong 
effects  of  selective  attention,  and  these  and  other  components  of  the  ERP  or  ERF 
cannot  be  fully  understood  if  the  .ubjeot  passively  listens  to  tones  or  looks  at 
changing  visual  displays.  We  now  turn  to  some  of  these  effects  of  attention. 


5.  Modulation  of  Activity  of  the  Auditory  Cortex  by  Attention 
5.^.  Background 

Various  filter  theories  of  attention  based  on  behavioral  experiments,  e.g., 
dichotic  listening  tasks,  are  well  known  (51,  37,  38,  39) .  The  earliest  of  these 
theories  resemble  the  so-called  single  resource  models  of  human  information  process¬ 
ing  while  later  thinkers  suggest  that  there  may  be  multiple  resources  ("channels"), 
and  activity  attended  to  in  one  of  these  channels  need  not  result  in  the  depletion 
of  the  capacity  to  attend  to  activity  drawing  upon  other  independent  pools  of 
resources  (cf  53) . 

While  a  detailed  discussion  of  the  concept  of  "channels"  transcends  the  scope 
of  this  paper,  it  should  be  pointed  out  that  this  concept  is  often  used  quite  ambi¬ 
guously.  Thus,  for  example,  a  channel  has  been  defined  according  to  the  sensory 
modality  Involved,  the  ear  to  which  a  message  is  delivered,  the  direction  from  which 
a  message  appears  to  come,  and  other  physical  features  that  make  a  particular  mes¬ 
sage  distinctive.  These  definitions  of  channels  were  usually  made  on  an  ad  hoc 
basis.  The  issue  was  further  complicated  by  the  finding  that  differences  in  semantic 
content  of  two  concurrent  messages  could  well  affect  the  subjects'  ability  to  attend 
to  one  of  them  selectively.  Thus,  physical  features  alone  need  not  govern  the  abil¬ 
ity  to  keep  attention  focussed  on  one  of  several  concurrently  ongoing  events  (39, 
40,  41). 

The  notion  of  an  early  filter  (prior  to  perception)  can  be  avoided  by  by  assum¬ 
ing  that  ignored  messages  are  evaluated,  but  if  the  message  ingause  the  competing 
message  is  being  shadowed.  When  a  forgotten  (42) .  Thus,  the  filtering  is  due  to  the 
limited  capacity  of  the  motor  system  which  is  active  during  shadowing.  Hence,  the 
"filter"  i 3  not  active  at  a  level  prior  to  conscious  perception.  This  idea  is  also 
consistent  with  e  observation  that  ignored  messages  may  be  processed  to  a  level 
higher  than  that  of  simple  physical  features  without  postulating  an  early  attenua¬ 
tion  of  signals  having  particular  physical  characteristics  (41) . 

Liberman's  (54)  motor  theory  implicated  the  speech  producing  apparatus  in  the 
perception  of  speech.  Thus,  it  bears  some  resemblance  to  the  theory  of  Deutsch  and 
Deutsch  (42) .  Most  current  thinkers  reject  the  idea  that  perception  depends  upon 
overt  motor  activity,  and  some  suggested  that  it  does  depend  upon  the  calling  up  of 
programs  for  motor  responses  even  if  these  are  never  actually  executed  (55,56). 
Similar  considerations  led  others  (57,58,59,60)  to  assume  an  active  participation  by 
the  perceiver  in  which  neural  programs  of  motor  action  may  be  coupled  with  active 
"covert."  testing  of  hypotheses  as  to  the  future  course  of  a  message.  This  "testing" 
is  an  essential  element  of  attention.  Neisser's  analysis-by-synthesis"  theory  adopts 
the  latter  intepretation  of  attention,  and  does  not  consider  such  a  process  to 
belong  in  the  category  of  filter  theories.  Even  so,  this  aproach  allows  for 
anilv'ii  of  both  shadowed  and  unshadowed  messages  up  to  the  phonemic  level  during  a 
dichoti..'.  listening  task,  but  only  the  shadowed  message  is  being  matched  against  a 
"speech  plan"  or  schema  (cf .  59) .  Only  then  is  it  encoded  into  verbal  structures, 
which  are  stored  and  remembered.  The  ignored  message  is  forgotten  because  it  is 


never  encoded.  The  attended  message  is  perceived  because  it  is  responded  to. 

Thus,  we  are  loft  with  three  general  approaches  to  attention.  One  is  employs 
the  concept  of  a  filter,  but  it  places  the  filter  prior  to  conscious  awareness.  The 
second  is  also  a  filter  theory,  but  it  postulates  selection  based  upon  a  limited 
capacity  to  respond  to  a  message  after  it  is  perceived.  Finally,  the  third  approach 
is  that  of  identifying  attention  with  an  ongoing  process  of  matching  a  message 
against  expectations.  Can  measures  of  the  electrical  activity  of  the  brain  cast  any 
light  on  these  issues? 

The  event  related  potential  (ERP)  is  useful  in  determining  if  there  is  any 
change  in  the  electrical  activity  of  the  brain  that  reflects  an  attenuation  of  phy¬ 
siological  events  related  to  an  ignored  message.  Such  an  attenuation,  which  could 
result  from  a  reduction  in  neural  activity  at  a  particular  place,  or  a  shift  in  the 
position  of  the  neural  activity  in  the  brain,  could  represent  the  action  of  a 
filtering  mechanism.  By  the  same  token,  the  enhancement  of  a  physiological  event 
associated  with  a  stimulus  to  which  attention  is  being  paid  may  represent  the  action 
of  an  analyzing  mechanism  tuned  to  respond  preferentially  to  that  particular  event. 
What  is  more,  subject  to  some  caveats  to  be  reviewed  later,  the  timing  of  either 
enhancement  or  attenuation  related  to  attention  may  indicate  the  levels  at  which 
such  filtering  operations  occur. 

It  was  suggested  that  selective  attention  effectively  gates  the  input  from  the 
ignored  stimulus  at  the  level  of  the  receptor  organ  itself  (44) .  However,  this 
turned  out  to  be  incorrect  for  a  number  of  reasons  (47,  43) . 

Even  so,  attenuation  of  activity  due  to  selective  attention  does  occur  early, 
as  in  a  dichotic  listening  experiment  by  Hillyard,  Hink,  Schwent  and  Picton  (45)  who 
found  that  the  amplitude  of  the  N100  component  of  the  erp  (peak  latency  80-110  msec 
after  stimulus  onset  but  beginning  to  show  an  effect  about  50  msec  after  stimulus 
onset)  was  larger  than  the  corresponding  component  of  the  averaged  response  to  the 
ignored  stimuli.  In  subsequent  studies  (62,63,64)  it  was  found  that  the  magnitude 
of  this  effect  of  attention  on  N100  was  greater  when  stimuli  were  presented  at  rapid 
rates  and  also  when  the  stimuli  were  difficult  to  detect  (49)  .  This  suggested  that 
the  difference  in  amplitude  of  N100  with  attention  reflected  the  selection  or  rejec¬ 
tion  of  stimuli  on  the  basis  of  their  channel  (ear)  of  entry.  It  was  also  found 
found  that  either  pitch  cues  or  spatial  location  cues  alone  provided  sufficient 
"channel  separation"  (49,  p.  320)  to  elicit  changes  in  the  N100  component  as  atten¬ 
tion  is  shitted  among  channels. 

Hiliyard  et  al.  (45)  also  subtracted  the  ERPs  associated  with  the  ignored 
stimuli  from  those  associated  with  the  attended  stimuli.  This  resulted  in  the  gen¬ 
eration  of  the  so-called  "negativity  difference  wave"  (Nd)  since  it  revealed  a  con¬ 
sistent  negative  shift  in  the  baseline  of  the  ERP  beginning  about  70  msec  after 
stimulus  onset  (prior  to  the  peak  of  N100)  and  extended  for  as  long  as  500  msec.  The 
authors  inferred  that  Nd  is  also  a  sign  of  early  selection  related  to  stimulus  set 
(Broadbent,  40) . 

Hansen  and  Hillyard  (65)  suggested  that  Nd  is  largely  endogenous  in  origin 
(also  see  Hillyard  and  Munte,  66),  and  while  this  may  be  correct,  we  shall  not  be 
concerned  with  Nd  here.  Rather,  we  shall  focus  on  N100  and  whether  or  not  it  in  par¬ 
ticular  is  modulated  by  attention.  Naatanen  and  Mitchie  (67)  proposed  that  the 
modulation  of  the  N100  does  not  reflect  changes  in  the  activity  of  an  N100  generator 
located  in  primary  sensory  cortex,  but  involved  the  superposition  of  a  temporally 
overlapping  "endogenous"  component  on  N100.  This  endogenous  component  could  coincide 
with  the  early  phase  of  Nd.  Hansen  and  Hillyard  (65)  proposed  that  this  early  por¬ 
tion  of  Nd  reflects  a  modulation  of  the  N100  generator,  corresponding  to  the  activa¬ 
tion  of  a  filtering  mechanism  as  described  in  the  Broailbent/Treisman  model. 
Alternatives  have  also  been  proposed,  e.g.,  Picton  (68)  suggested  that  endogenous 
activity  in  the  frontal  cortex  may  well  contribute  to  the  effect  of  attention  on  the 
scalp-detected  N100. 

One  of  the  reasons  for  uncertainty  as  to  the  source  or  sources  of  the  N100 
phenomenon  stems  from  the  fact  that  most  ERP  3tudies  use  relatively  few  electrodes. 
As  pointed  out  above,  this  makes  it  virtually  impossible  to  determine  the  properties 
of  even  a  single  current  dipole  source  of  an  observed  scalp  potential.  The  problem 
is  compounded  further  when  one  attempts  to  characterize  more  than  one  source  of  an 
observed  field  or  potential.  Clearly,  the  usuai  string  of  a  few  midline  electrodes 
is  simpiy  incapable  of  leading  to  unambiguous  conclusions  vise  vis  the  numbers  of 
sources  underlying  observed  potentials.  Hence,  we  must  regard  prior  ERP  studies  that 
focus  on  effects  of  selective  attention  on  N100  (and  even  on  Nd)  as  being  largely 
inconclusive  about  the  numbers  and  locations  of  sources  contributing  to  N100. 
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Before  curning  to  the  experimental  portions  of  this  paper,  it  is  worth  noting 
that  little  effort  has  been  devoted  to  the  study  of  effects  of  attention  on  P200. 
Early  studies  (c.f.  Spong  Haider  and  Lindsley,  46)  described  effects  of  attention  on 
both  N100  and  P200.  Despite  flaws  in  such  studies  (47,48),  it  does  appear  that  P200 
is  affected  by  attention  in  the  same  way  as  is  N100.  Thus,  a  secondary  objective  of 
this  paper  is  tc  determine  how  P200m  is  affected  by  selective  listening. 

5.2.  Methods 


In  an  experiment  conducted  with  S.  Curtis  and  S.J.  Williamson  we  made  use  of  a 
dichotic  listening  task  which,  in  certain  respects,  was  similar  to  that  employed  by 
Hillyard  et  al.  (45). 

The  acoustic  stimuli  were  tone  bursts  of  either  1000  Hz  or  1050  Hz.  presented 
to  one  ear,  and  tone  bursts  of  3000  Hz  or  3050  Hz  presented  to  the  other  ear.  The 
lowest  frequency  tone  bursts  had  a  repetition  rate  of  3/sec  per  sec,  while  those  of 
higher  pitch  had  a  repetition  rate  of  3.5/sec.  The  duration  of  each  tone  burst  was 
.100  msec,  and  they  were  separated  by  periods  of  silence. 

The  two  trains  of  tone  bursts  were  applied  separately  to  the  two  ears.  Thus, 
one  ear  received  tones  of  either  1050  or  1000  Hz,  while  the  other  ear  received  tones 
of  either  3050  or  3000  Hz.  Prior  to  the  beginning  of  each  session  the  subject 
listened  to  the  two  series  of  stimuli  and  instructed  the  experimenter  to  adjust  the 
loudness  of  one  until  it  appeared  to  match  that  of  the  other.  Excopt  in  the  case  of 
one  control  experiment,  in  which  the  loudness  of  one  ear's  stimulus  was  reduced  by 
20  dB,  the  intensities  of  both  stimuli  were  at  an  approximate  level  of  70  dP  SPL. 

The  1000  and  1050  Hz  bursts  had  equal  probabilities  of  occurrence,  as  did  the 
bursts  at  3000  and  3050  Hz.  However,  each  random  sequence  had  a  finite  length  and 
was  then  repeated.  The  average  length  of  such  a  sequence  was  about  30  tone  bursts. 
The  subject  was  instructed  to  listen  one  of  these  two  sequences  and  determine  how 
many  tone  bursts  occurred  before  the  entire  sequence  was  repeated.  Thus,  while 
attending  to  the  3/sec  stimulus,  the  subject  ignored  the  3.5/sec  stimulus,  and  vice 
versa.  After  the  run  the  subject  was  asked  to  tell  the  experimenter  the  total 
number  of  high  and  low  pitch  tones  in  the  repeating  pattern.  Formal  data  collection 
did  not  begin  until  the  subject  was  able  to  perform  this  task  with  an  accuracy 
approaching  95%.  On  the  next  run  the  subject  was  told  to  switch  his  attention  to 
the  previously  ignored  ear.  Thus,  the  stimulus  from  one  run  to  the  next  was 
essentially  the  same,  except  that  the  instruction  to  attend  to  one  ear  or  the  other 
was  varied.  Introspective  reports  by  the  subjects  and  by  the  experimenters  who 
listened  to  the  stimuli  suggested  that  attention  was  sharply  focussed  on  the  train 
of  stimuli  that  was  being  followed  to  determine  the  length  of  its  pattern,  while  the 
listener  was  completely  unaware  of  the  pattern  of  the  ignored  stimulus.  The  experi¬ 
ence  was  not  unlike  that  of  shadowing  a  spoken  message  presented  to  one  ear  while 
ignoring  a  message  presented  to  the  other  ear  during  the  classic  dichotic  listening 
task. 


The  activity  of  the  brain  was  monitored  on  only  one  side  of  the  head  during  a 
run.  Thus,  for  example,  the  subject  lay  on  his  left  side  with  the  3/sec  stimulus 
presented  to  his  left  ear  and  the  3.5/sec  stimulus  to  his  right  ear.  The  magnetic 
sensing  system  was  positioned  over  the  right  side  of  the  subject's  head  where  it  was 
kept  while  the  subject  attended  to  the  stimulus  to  the  left  ear,  and  also  when  he 
ignored  that  stimulus  and  attended  instead  to  the  stimulus  to  the  right  ear.  The 
sensors  were  then  moved  to  another  position  on  the  right  side  of  the  head  and  the 
entire  procedure  repeated  (using  independently  selected  pseudorandom  sequences) 
several  times.  The  3/sec  stimulus  was  always  presented  to  the  ear  contralateral  to 
the  3ide  of  the  head  being  examined.  The:  the  subject  was  moved  so  that  the  sensors 
could  be  placed  over  the  left  side  of  the  read  where  the  procedure  was  once  again 
repeated  many  times,  with  attention  deployed  first  to  one  ear  and  then  to  the  other. 
Thus,  for  each  position  of  the  sensors  tnere  were  two  conditions:  attend  3/sec  and 
attend  3.5/sec.  Two  to  six  runs  were  recorded  at  each  position,  with  the  larger 
number  of  runs  conducted  with  the  sensors  placed  at  locations  over  the  scalp  that 
provided  the  strongest  responses  of  the  brain. 

In  an  additional  condition,  subjects  were  presented  with  the  1000  Hz  tone 
bursts  and  the  ISI  was  increased  and  made  to  vary  at  random  from  1000  to  1500  msec, 
and  the  subject  was  Instructed  to  listen  passively  to  the  tone  bursts.  This  permit¬ 
ted  the  collection  of  classic  transient  ERPs  so  that  we  could  check  on  whether  or 
not  known  components  in  the  ERP  (NIOOm  and  P200m  in  particular)  corresponded  to 
deflections  in  the  waveforms  of  the  responses  of  the  main  experiment.  This  was  done 
to  insure  that  the  standard  transient  N100-P200  complex  had  the  same  source  as  did 
the  sources  of  the  peaks  occurring  at  about  the  same  times  in  the  quasi- steady  state 
conditions  of  our  experiment.  It  turned  out  that  we  could  find  no  significant 


differences  in  the  locations  of  the  sources  of  these  components,  whether  associated 
with  transient  stimuli  or  those  presented  with  short  ISIs. 

Also,  the  stimuli  were  made  markedly  different  in  loudness,  with  one  ear's 
stimulus  attenusted  20  dB  below  ths  level  at  which  it  appeared  to  match  the  other 
stimulus  in  loudness.  Then  the  subject  attended  to  either  the  .louder  or  softer  of 
the  two  stimuli  to  determine  if  any  of  the  effects  to  be  reported  below  were  possi¬ 
bly  due  to  uncontrolled  differences  in  loudness  of  the  stimuli.  The  results  obtained 
here  were  not  essentially  different  from  those  of  our  main  experiment,  and  we  had  to 
conclude  that  apparent,  differences  in  loudness  could  not  account  for  the  phenomena 
to  be  described  below. 

Finally,  the  two  trains  of  tone  bursts  were  applied  to  one  ear  piece  of  the 
headset  used  to  present  the  stimuli.  This  required  the  subject  to  follow  one  of  the 
two  trains  when  both  of  them  were  presented  to  but  one  ear.  In  this  case  pitch  alone 
was  the  cue  used  by  the  subject  to  keep  the  two  trains  separated  in  attention. 

Since  the  repetition  rates  of  3/sec  and  3.5/sec  are  not  integer  multiples  of 
each  other,  it  is  only  the  -monic  of  the  latter  rate  and  the  7th  of  the  former 
that  are  coherent.  Hence,  s  -vity  of  the  brain  at  3  Hz  (the  fundamental  fre¬ 
quency  component  of  the  3/se  ..  etition  rate)  or  its  higher  harmonics  up  to  the  7th 
would  be  due  strictly  to  the  3/sec  stimulus,  while  activity  at  3.5  Hz  and  its  next 
five  harmonics  would  be  due  to  the  3.5/sec  stimulus.  This  makes  it  possible  to 
detect  average  responses  due  to  one  stimulus  without  those  responses  being  contam¬ 
inated  by  responses  to  some  other  concurrently  presented  stimulus. 

Average  transient  responses  from  all  5  channels  were  computed  and  the  responses 
were  found  to  contain  prominent  peaks  that  apparently  correspond  to  the  classic  N100 
and  P200  components  of  the  ERP.  The  amplitudes  of  these  peaks  in  femfotesla  (fT) 
were  plotted  as  a  function  of  position  or,  the  scalp.  A  computer  program  based  on  a 
program  known  as  GRID  3  was  employed  to  fit  the  data  obtained  at  many  different 
positions  about  the  scalp  by  contours  representing  fields  of  equal  strength.  These 
contour  plots  were  made  in  rectangular  coordinates  in  which  distance  between  the  ear 
canal  and  the  outer  canthus  of  the  eye  is  represented  along  the  X-axis,  and  vertical 
distance  from  this  line  toward  the  midline  is  represented  along  the  Y-axis.  The 
interpolation  and  smoothing  routines  InmrDorated  in  the  program  made  it  possible  to 
estimate  the  coordinates  associated  with  the  two  field  extrema  in  isofield  contour 
plots  of  data  representing  the  amplitudes  of  the  fields  occurring  at  the  peaks  of 
NIOOm  and  of  P200m.  Knowing  these  coordinates  ar.d  the  amplitudes  at  these  coordi¬ 
nates,  we  then  measured  the  actual  distances  botween  them  on  the  scalps  of  our  sub¬ 
jects.  We  also  measured  the  diameters  of  their  heads  in  several  directions,  and  com¬ 
puted  a  mean  radius  for  each  of  them.  This  information  sufficed  for  us  to  define 
the  characteristics  of  the  equivalent  current  dipole  source  that  would  produce  the 
best  fitting  dipolar  field  pattern.  These  characteristics  include  the  location  of 
the  tangential  current  dipole  and  its  orientation  as  veil  as  its  strength.  This 
procedure  was  used  with  the  transient  ERF  data,  and  also  with  the  responses  related 
to  the  3/sec  and  3.5/sec  repetition  rate  stimuli  which  also  contained  two  peaks  that 
correspond  to  what  we  have  labeled  NIOOm  and  P200m.  In  addition,  the  amplitudes  of 
the  Fourier  components  of  the  average  responses  were  also  computed  to  determine  if 
harmonics  higher  that  the  second  or  third  contributed  to  any  effect  of  selective 
attention . 

M03t  of  the  useful  information  in  the  isofield  contour  maps  is  in  the  vicinity 
of  the  field  extrema,  Thus,  for  example,  shifts  in  the  locations  of  these  extrema 
signify  changes  in  the  position  and  orientation  of  the  underlying  source.  Data  col¬ 
lected  in  the  vicinity  of  the  extrema  readily  indicate  such  changes.  If  the  position 
or  orientation  of  the  source  in  the  tangential  plane  does  not  change  significantly, 
then  changes  in  the  magnitudes  of  the  extrema  signify  a  change  in  the  amount  of 
underlying  neural  activity.  Since  we  obtained  many  Independent  measurements  of  the 
field  in  the  vicinity  of  the  extrema,  it  was  possible  to  examine  the  statistical 
significance  of  the  effects  of  various  treatments  on  the  strengths  of  the  fields 
and,  by  inference,  on  the  amount  of  underlying  neural  activity.  Since  some  of  the 
measurements  were  repetitions  of  prior  measurements  taken  at  the  same  positions, 
they  were  averaged  to  give  us  a  single  measurement  per  position.  In  all,  we  used  5 
measurements  from  the  vicinities  of  each  of  tr.n  observed  extrema  over  both  hemi¬ 
spheres,  making  a  total  of  20  measurements  per  subject  in  an  «NOVA.  This  enabled  us 
to  examine  the  effects  of  instruction  (to  attend  or  ignore),  the  repetition  rates  of 
the  stimuli,  the  components  of  the  response  (NIOOm  and  P200m) ,  the  channels  used  to 
detect  the  fields  (position) ,  the  hemisphere  -ver  which  the  measurements  were  taken, 
and  wl. ether  the  sensors  were  positioned  over  the  anterior  or  posterior  field 
extrema. 
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5 .  j3.  Results 

Responses  to  stimuli  presented  at  a  3/sec  repetition  rate  and  recorded  from  the 
left  hemisphere  of  one  of  the  three  subjects  are  shown  in  Figure  2.  The  dark 
waveforms  on  the  left  are  responses  obtained  while  the  subject  attended  to  the 
stimuli,  while  the  dashed  lines  were  responses  obtained  at  the  same  positions  at  the 
scalp  but  when  the  stimuli  were  being  ignored.  On  the  right  side  of  the  figure  are 
reponses  obtained  using  the  3.5/sec  repetition  rate  stimulus.  Here  the  dark 
waveforms  represent  responses  to  ignored  stimuli,  and  the  dashed  lines  responses  to 
stimuli  to  which  attention  was  being  paid.  The  responses  obtained  during  attention 
are  clearly  larger  in  amplitude,  and  contain  two  pronounced  peaks,  one  at  about  100 
msec  and  the  other  about  225  msec  after  stimulus  onset. 
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Figure  2.  Typical  responses  to  tonal  stimuli  (see  text)  presented  at  repetition 
rates  of  3/sec  and  3.5/sec.  The  dark  lines  on  the  left  are  average  responses  to 
stimuli  to  which  attention  was  paid,  while  the  dashed  lines  are  responses  to  ignored 
stimuli.  On  the  right  the  dark  lines  represent  average  responses  to  ignored  stimuli. 
The  five  tracings  are  responses  as  detected  simultaneously  by  the  five  sensors  in 
the  multichannel  instrument. 


The  first  peak  in  the  waveforms  of  Figure  2  occurs  at  about  the  same  times  as 
does  the  NIOOm  component  of  the  the  transient  AEF.  However,  the  second  peak  occurs 
about  25  to  50  msec  earlier  than  the  P200m.  Because  of  this  as  well  as  the  differ¬ 
ence  in  ISI  between  the  periodically  presented  stimuli  of  this  experiment  and  that 
used  in  the  typical  transient  response  study,  the  peaks  found  in  this  experiment  may 
not  have  the  same  sources  as  do  the  more  frequently  studied  NIOOm  and  P200m.  There¬ 
fore,  as  already  indicated,  we  recorded  transient  AEFs  from  two  of  our  subjects.  The 
subjects  were  given  no  special  instructions  except  that  they  were  to  simply  listen 
to  the  tone  bursts.  Comparisons  of  the  computed  source  locations  of  the  components 
of  the  transient  and  quasi-steady  state  responses  indicated  that  their  sources  were 
in  the  same  positions. 

An  isofield  contour  plot  made  for  NIOOm  obtained  while  one  subject  (DS)  was 
attending  to  the  3/sec  stimulus  is  shown  in  Figure  3.  A  similar  plot,  based  on  data 
obtained  when  the  same  subject  was  ignoring  the  stimuli  is  shown  in  Figure  4.  Note 
that  the  amplitudes  at  the  extrema  are  smaller  than  those  obtained  when  the  subject 
was  attending  to  the  stimuli.  It  is  clear  that  the  sources  of  the  responses  to  the 
ignored  stimuli  were  in  the  same  locations  as  the  sources  of  the  responses  to  the 
stimuli  to  which  attention  was  being  paid. 
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Figure  3.  Isofield  contours  representing  the  way  in  which  the  amplitude  of  the 
radial  field  (about  100  msec  after  stimulus  onset)  varies  with  position  about  the 
side  of  the  head  of  one  subject  attending  to  a  3/sec  stimulus.  This  is  a  typical 
dipolar  pattern  and  the  position,  orientation  and  depth  of  the  equivalent  current 
dipole  source  can  be  computed  from  these  data. 
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Figure  4.  Isofield  contours  similar  to  those  shown  in  Figure  3,  except  that  the 
stimulus  train  was  being  ignored.  The  fact  that  the  density  of  contours  is  less  than 
that  in  Figure  3  is  due  to  the  fact  that  the  fields  were  weaker.  Superimposing  the 
two  patterns  shows  that  the  position  of  the  source  did  not  change  significantly. 


The  ANOVA  was  performed  using  Che  field  amplitudes  measured  at  20  different 
positions  outside  the  scalps  of  all  3  subjects.  The  positions  were  those  at  which 
responses  significantly  greater  than  background  noise  were  measured.  Since  the  ANOVA 
included  a  test  for  the  significance  of  differences  in  the  amplitudes  of  NIOOm  and 
P2Q0m,  two  different  amplitudes  at  each  of  the  20  positions  furnished  the  data  for 
analysis. 

No  significant  differences  were  found  between  the  amplitudes  of  NIOOm  and 
P200m.  Moreover,  we  found  no  consistent  hemispheric  differences.  There  were  signi¬ 
ficant  differences  among  the  amplitudes  of  the  components  measured  at  different 
positions,  but  this  is  to  be  expected  as  the  different  positions  were  at  different 
distances  from  the  field  extrema.  The  most  important  finding  was  that  the  effect  of 
instruction  to  attend  to  a  stimulus  (and,  by  implication,  ignore  the  alternative 
stimulus)  was  significant  with  p  -  .028. 

It  is  noteworthy  that  all  of  the  variance  due  to  instruction  was  due  to  the 
first  two  harmonics  of  the  Fourier  analyzed  responses.  This  may  have  some  signifi¬ 
cance  for  bandwidth  selection  in  future  experiments. 

In  addition  to  comparing  the  field  strengths  obtained  when  the  subject  paid 
attention  to  the  stimuli  with  those  obtained  when  the  stimuli  were  ignored,  the 
positions  of  their  equivalent  dipole  sources  were  computed  from  the  locations  of  the 
extrema  on  the  subjects'  scalps.  In  all  cases  the  sources  of  both  NIOOm  and  r200m 
were  located  in  or  near  the  auditory  cortex.  This  was  consistent  with  the  location 
of  the  point  on  the  scalp  that  bisected  the  field  extrema,  and  also  with  the  depths 
of  the  sources. 

Let  us  consider  the  locations  and  strengths  of  the  sources  of  NIOOm  and  of 
P200m  when  attention  was  paid  to  the  stimulus.  For  the  3/sec  stimulus,  the  average 
depth  of  NIOOm  (for  3  subjects)  in  the  left  hemisphere  was  2.8  cm.  The  average 
current  dipole  moments  for  these  same  subjects  was  3.1  nA-m.  The  average  depth  of 
the  source  of  P200m  for  the  same  subjects  was  3  cm,  and  the  current  dipole  moment 
was  5.2  nA-m.  The  corresponding  values  for  the  same  sources  when  the  stimuli  were 
ignored  were  2.8  cm  deep  for  NIOOm  and  2.9  cm  for  P200m.  The  dipole  moment  was  about 
2.5  nA-m.  Thus,  the  source  strength  was  weaker  for  responses  to  ignored  stimuli,  and 
not  just  field  strength,  similar  results  were  obtained  for  the  right  hemisphere.  The 
main  point  is  that  source  location  did  not  change,  and  source  strength  was  affected 
by  instruction.  This  has  never  been  shown  for  the  corresponding  components  of  the 
ERP,  where  changes  in  potential  could  be  due  equally  to  changes  in  source  location 
or  orientation  as  well  as  amount  of  neural  activity.  Of  course,  we  cannot  determine 
from  these  data  if  the  relative  enhancement  of  activity  during  attention  is  due  to 
the  recruitment  of  more  neurons,  or  if  it  is  due  to  an  increase  in  the  amount  of 
activity  in  a  fixed  population  of  neurons. 

Another  implication  of  these  results  is  that  no  nearby  additional  3ource  was 
activated  during  attention,  for  otherwise  the  apparent  position  or  orientation  of 
the  equivalent  current  dipole  source  would  have  changed.  Moreover,  measurements  were 
taken  from  positions  that  sampled  most  of  the  scalp,  and  there  was  no  indication  at 
all  of  the  presence  of  additional  sources. 

The  main  conclusion  to  be  drawn  from  these  results  is  that  activity  originating 
in  the  auditory  cortex  is  modulated  by  attention.  There  is  no  sign  at  all  of  the 
presence  of  other  non-specific  sources  that  contribute  to  the  auditory  NIOOm  and 
P200m.  While  we  cannot  rule  out  the  possibility  that  other  non-specific  sources  may 
contribute  to  the  effect  of  attention  on  the  electrical  N100  and  P200,  the  magnitude 
of  our  effect  suggests  that  such  additional  sources  would  add  very  little  to  the 
modality  specific  effect  of  attention.  Moreover,  we  needn't  postulate  an  effect  of 
Nd  on  NIOOm  to  account  for  our  results.  The  bandpass  of  our  experiment  precludes  any 
addition  of  slow  activity  from  another  source  to  faster  activity  arising  in  the 
auditory  cortex. 

In  view  of  other  studies  cited  above,  it  is  clear  that  NIOOm  and  P200m  ori¬ 
ginate  in  the  auditory  cortex,  and  their  sources  are  quite  close  to  the  primary 
receiving  area.  The  fact  that  tissue  in  such  close  proximity  to  regions  of  very 
early  cortical  processing  of  acoustic  information  is  affected  by  attention  provides 
us  with  an  important  problem  for  future  consideration.  This  result  suggests  at  least 
two  possible  hypotheses.  The  first  of  these  is  that  the  "filter"  is  located  prior  to 
conscious  perception,  and  is  activated  when  a  task  is  performed  with  a  set  to  select 
from  among  different  stimuli.  The  second  possibility  is  that  the  selection  is  first 
completed  at  some  much  later  stage  of  processing,  and  feedback  from  this  stage 
results  in  attenuation  (or  enhancement).  This  leads  to  the  prediction  that  if 
responses  could  be  recovered  without  signal  averaging,  then  the  first  responses  to 
ignored  stimuli  would  be  as  strong  as  those  to  attended  stimuli.  However,  as  further 


stimuli  are  provided,  responses  to  those  that  are  ignored  will  become  increasingly 
attenuated.  Hence,  we  cannot  completely  rule  out  a  theory  which  places  the  filter- 
ing  operation  at  some  later  stage.  Our  new  magnetically  shielded  rooms  will  make  it 
possible  to  obtain  responses  with  very  little  signal  averaging.  Hence,  it  should  be 
possible  to  test  this  hypothesis.  Even  so,  on  the  average,  the  relatively  attenuated 
response  to  ignored  stimuli  is  reflected  in  activity  of  the  auditory  cortex.  It  is 
also  important  to  note  that  P200m  displays  the  same  type  of  response  change  as  does 
NIOOm.  It  remains  a  problem  as  to  whether  or  not  the  separated  source  of  P200m  has 
some  specialized  functions  of  its  own. 

<> .  Conclusion 

Experiments  of  the  type  described  above  do  not  provide  final  answers,  but  they 
show  promise  of  our  ultimately  discovering  mechanisms  that  underly  cognitive 
processes  like  selective  attention.  We  have  been  pursuing  work  in  visual  atention, 
and  while  it  is  too  early  to  describe  the  results  here,  it  is  apparent  that  the 
effects  are  somewhat  different  than  they  are  in  auditory  attention.  Moreover,  it  is 
now  seems  that  attentional  effects  are  modality-specific,  and  are  not  related  to  any 
currently  observable  general  or  non-specific  neural  center.  This  is  probably  not 
true  of  other  endogenous  components  of  ERPs  or  of  ERFs.  Also,  we  find  that  we  can 
adapt  some  of  our  procedures  to  the  study  of  the  properties  of  different  kinds  of 
memory,  and  this  will  occupy  much  of  our  time  in  the  immediate  future.  However,  the 
main  task  with  which  we  have  yet  to  deal  is  that  of  relating  the  processes  we  are 
just  beginning  to  learn  how  to  study  to  the  predicition  of  human  performance.  This 
is  the  enticing  challenge  of  the  future. 
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Abstract 

TKe  electroencephalogram  (EEG),  discovered  more  than  half  a  century  ago,  is  still  the  only 
non -invasive,  rumple  and  objective  method  to  continuously  and  repetitively  study  brain  function, 
and  has  recently  gained  new  significance  since  quantification  by  microprocessors  was  developed. 
Quantification  of  single-lead  EEG  proved  to  be  of  significant  value  in  psychotropic  drug 
development.  Discoverieo  of  the  psychotropic  properties  of  drugs  snd  the  determination  of  the 
bioavailabillty  of  C NS -active  compounds  validated  this  method.  They  demonstrated  that  the 
brain's  bioelectrical  activity,  even  recorded  In  only  one  area  of  the  brain,  can  reprecent  brain 
function  and  is  closely  associated  with  human  behavior.  A  newly-developed  brain  function 
monitoring  system  using  multi-lead,  broad  frequency  spectrum  computer-analyzed  EEG  (CEFG) 
with  Dynamic  Brain  Mapping  seems  to  be  a  very  promising  methodology  to  study  human  behavior 
and  to  monitor  its  changes  due  to  external  and  Internal  factors. 


Introduction 

In.  epite  of  the  fact  that  the  scalp -recorded  EEG  is  still  the  only  simple,  non-invasive  method 
to  continuously  monitor  human  brain  function  and,  therefore,  can  offer  an  enormous  amount  of 
information,  It  is  grossly  underutilized.  Undiagnosed  brain  dysfunction,  lacking  either  serious 
neurological  symptoms  or  life-threatening  course  (lapses  in  consciousness,  subnarcoleptic  attacks, 
uncontrollable  episodes  of  drowsineas  or  sleepiness),  can  still  pose  a  grave  risk  to  the  public  if  it 
occurs  in  individuals  in  certain  professions.  Some  are  obvious,  such  as  pilots,  public  transportation 
drivers  and  conductors,  air  traffic  controllers,  nuclear  reactor  technicians  and  operators  of  heavy 
machinery  or  radar.  In  addition,  consider  the  risk  If  an  executive,  politicians,  public  servants  or 
even  law  enforcement  officials  suffer  from  memory  deficits,  lack  of  attention,  concentration  and/or 
impaired  judgement. 

These  types  of  central  nervous  system  (CNS)  dysfunctions  can  occur  in  abnormal  clinical 
conditions  or  as  a  result  of  metabolic  changes  (hypoglycemia  or  hypoxia),  or  simply  due  to  certain 

physiological  conditions.  They  may  also  be  caused  or  accentuated  by  consumption  of  alcohol, 

illicit  drugs,  CNS-effective  drugs  used  to  treat  certain  psychiatric  conditions  (depression, 

anxiety,  insomnia,  etc.)  and  even  medical  conditions  (antihypertensive  drugs,  anti-allergic  drugs, 
or  simple  cough  or  cold  medicines).  The  serial  monitoring  of  brain  function  can  provide  significant 
insight  about  the  patient's  behavior  in  all  of  these  conditions  so  that  a  serious  incident  might  be 
averted . 

However,  brain  function  evaluation  using  neurophysiology  like  EEG,  and  Evoked  Potential 
(EP),  and  neuropsychology  (psychometric  and  cognitive)  testing  which  could  provide  life-saving 
information,  are  not  performed  systematically,  routinely,  and  repetitively,  even  in  accident-prone 
persons  who  perform  critical  jobs.  One  of  the  major  excuses  for  the  underutilization  of  brain 
function  examinations  is  that  they  are  time  consuming  or  Impractical,  lacking  objectivity  and 

offering  results  with  a  high  degree  of  variability. 

In  orden  lo  objectively  evaluate  brain  function,  we  have  been  utilizing  computer-analysis  of 
EEG  (CEEG1  j  for  more  than  two  decades  (1,2, 3, 4).  The  results  are  already  impressive,  especially 
with  regard  to  determination  of  effects  of  drug*  on  the  CNS.  However,  the  early  computor  systems 
and  procedures  that  we  developed  were  extremely  costly,  complicated,  and  could  analyze  only  one 
area  of  the  brain  (single  occipital-lead  analysis)  at  a  time. 

Thanks  to  Improved  electronic  and  computor  technology,  we  have  now  developed  a  sophisticated 
system  to  record  and  analyze  EEG  from  19  leads  simultaneously  (5).  This  state-of-the-urt 
high-technology  hardware /soft ware  system,  which  is  a  compact  yet  more  powerful  version  of  our 
previous  systems,  has  a  significantly  improved  signal /noise  ratio,  Is  practical,  fast,  accurate,  and 
extremely  cost-effective.  The  outputs  include  a  standard  EEG  strip  chart,  report,  raw  data  for 

each  epoch,  and  27  different  color  topographic  Dynamic  Brain  Maps  for  each  2.5,  5,  10  or  20 

second  epoch  and  even  entire  sample  means.  These  maps  can  be  displayed  either  a  statically  (the 
mean  of  an  entire  EEG  run)  or  continuously  by  a  dynamic,  moving  display  of  each  single  epoch  to 
study  the  dynamic  processes  of  brsin  function. 

In  this  report,  the  application  of  CEEG  Dynamic  Brain  Mapping  in  different  psychological 

conditions  and  before  and  after  intake  of  a  variety  of  drugs  will  be  presented. 

Methods  of  Brain  Function  Evaluation :  TM 

RITi  Brain  Function  Monitoring  (BFM)  System1  includes  three  objective  brain  function  tests 
utilizing  the  same  basic  high-technology  hardware.  These  are:  CEEG  and  Dynamic  Brain  Mapping, 
EP  and  topographic  brain  mapping,  and  interactive  neuropsychological  tests  (Figure  1). 


In  this  presentation,  wo  will  limit  orrselvet  to  the  CEEG  and  Dynamic  Drain  Mapping 
compononta  of  the  EFM  System.  For  the  neuropsychological  tnste  and  EP,  the  reader  is  referred  to 
our  previous  publication  (5). 

Hardware: 

CEEfl  analysis  and  Dynamic  Brain  Mapping  hardware  includes  (Figure  2): 

1.  IBM-PC/AT  with  512K  memory  (or,  most  recently,  the  IBM-A'l  Model  80  with  Intel  80386 
chip)  (no  clones)  and  peripheral  equipment  including  printer,  A-D  board  and  interface, 
analog  RGB  monitor,  high -resolution  color  board; 

S.  HZI-QPEEG  Interface  for  Altering,  calibration,  arid  system  diagnostics; 

3.  Standard  8-16  channel  EEQ  or  polygraph  equipment; 

4.  An  inatant  hard  copy  system. 

The  same  hardware  is  used  for  each  of  the  different  CEEG  software  programs. 

For  the  Evoked  Potential  (FP),  in  addition  to  the  hardware  outlined  above,  either  a  polygraph 
or  special  amplifiers,  a  stimulus-generator,  and  a  stimulus  trigger-systems  unit  are  required. 

For  neuropsychological  testing,  a  seperate  station  with  an  additional  microprocessor  are 
Interfaced  with  the  IBM  central  microcomputer, 

Software: 

Wore  than  200  CEEG  software  pacKages,  developed  over  the  past  20  ysars,  were  regrouped  into 
four  major  software  packages: 

1 .  Power  Spectrum  Analysis : 

Thla  software  performs  1-18  channel  on-line  real-time  Fast  Fourior  Transformation  (KPT) 
analysis  in  up  to  20  distinct  frequency  bands  and  various  typee  of  Dynamic  Brain  Mapping. 

EEQ  analysis  is  Integrated  into  a  data  base  package,  ci eating  enormous  fle^ib1  ty  to  modify 
sample  aiae,  define  variables,  and  change  montage  structure.  Mean  and  sigma  lues  of  FFT 
data  for  each  channel  after  every  recording  are  available  for  statistical  cvcluotlon.  This 
type  of  analysis  la  commonly  applied  in  both  human  and  animal  research  settings, 
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A  Special  Time  -Domain  Analysis  tor  Clinical  BEG : 

This  analysis  simulates  the  ’’reading1'  of  an  electroencephalographer  for  clinical  purpose*.  It 
lnoludt*  arilfactlng  procedures,  and  an  automatically  generated  clinical  report.  It  includes  4 
standard  frequency  bands  (alpha,  theta,  delta,  beta)  in  addition  to  average  frequency  and 
average  absolute  amplitude  and  U  compatible  for  basic  eleotroenoephalographlo  interpretation. 

3 .  CMC  Analysis  Using  Time-Domain  Analysis  or  Power  Spectrum , 

Simultaneously  or  Separately: 

This  also  generates  Instant  printed  reports  and  Dynamic  Brain  Mapping  baaed  on  4  standard 
frequoncy  band*  (alpha,  theta,  delta,  beta)  but  analyies  and  atorea  BEG  data  for  research 
purposes  based  on  30  different  frequency  bands.  It  offers  great  flexibility  to  modify  the 
sample  slsa,  number  of  vartablea,  frequency  bands,  or  mapping  and  ststUtlos.  Two  different 
artifaoting  capabilities  (manual  and  automatic)  are  included.  CBEG  analysis  software  is 
integrated  in  a  database  and  data  management  software  package  affording  options  for  statistical 
evaluation  of  the  dats  and  graphic  demonstration . 

4 .  CBBg  Analysis  Using  Separate  or  Simultaneous  Time-Domain  Analysis,  Period  Analysis  And 
Power  Spectrum  Analysis: 

THTi  1*  bleed  on  our  previously  tasted  and  validated  psychopharmacology  Quantitative 
Pharraaco-EEQ  (QPBBG)  programs  for  drug  development.  It  la  Integrated  In  database  and  data 
management  packages  and  provides  clinically  useful  data  with  Instant  printed  reports  and 
Dynamic  Brain  Mapping,  end  also  sophisticated  research  outputs  Two  simultaneous  analyoos 
with  sero-croes  and  power  spectrum  jr  period  analysts  and  power  spectrum  can  be  conducted. 
It  la  epectflcally  designed  for  both  QPBBG  research  end  clinical  settings  to  provide  Immediate 
information  on  drug  effects,  discrimination  from  placebo,  time-  and  dose-related  CNS  effects, 
end  CBBG  profiles  of  different  drug  dosages  lr.  different  areas  of  the  brain. 

Method  of  CBBG  Investigations: 

For  (he  studies  to  be  presented  here,  CBEG  recordings  were  done  from  19  leads  selected 
according  to  the  International  10-23  Electrode  Placement  System.  The  length  of  the  BEG  recordings 
was  an  average  minimum  of  10  minutes'  artifact-free  recording.  From  each  unipolar  and  bipolar 
recordings,  time  samples  (pre-drug  and  1  hour,  2  hour,  3  hour,  4  hours,  etc.  post-drug 
recordings)  were  taken  for  QPEEG  trials  and  bioavallability  studies.  To  determine 
physiologically-induced  changes  in  brain  function  such  as  drowsiness  or  blood  sugar  alterations,  or 
to  determine  the  onset  and  duration  of  CNS  effects  of  antihistamines  and  analgesic  drugs,  CEEG 
recordings  were  conducted  up  to  several  hours  continuously.  To  establish  the  acute  effects  of 
pain,  acoustic  stimuli  or  hypnosis,  individual  5-second  recording  samples  were  used  to  correlate  the 
CNS  effects. 

Material: 

Groups  of  a  minimum  of  10-12  subjects  (healthy  or  patient  populations)  were  studied  to  test 
the  CNS  effects  of  psychotropic  drugs.  In  these  studios,  both  group-response  and  Individual 
subject  response  were  demonstrated. 

Research  Design : 

Studies  were  conducted  double-blind  crossover  with  placebo  and  active  controls. 

Results: 

CEEG  pate  Base: 

Although  In  studying  CEEG  In  different  psychological  and  drug  conditions,  symptomatic  and 
asymptomatic  subjects  are  used  ae  their  own  controls,  a  scientifically  collected  data  base  of  healthy 
subjects  with  different  age  groups  is  still  on  Important  prerequisite  to  conduct  scientifically  reliable 
studies,  tiring  both  Power  Spectrum  and  time-domain  analyses  over  the  past  two  decades,  we 
developed  a  CBEG  computer  data  base  of  more  than  1100  healthy  subjects  and  computer  BEG  (CEEG) 
profiles  of  149  CNS  effective  drugs  (9,10,11).  Unfortunstely  the  majority  of  the  data  collected  were 
only  from  two  BEG  leads  (right  occipital  to  left  ear  and  left  occipital  to  right  ear)  because  of  the 
time-consuming  procedure  and  expenses  Involved  with  our  previous  CBBG  Analysis  system. 

In  the  past  two  and  one-half  years,  using  our  newly-developed  Brain  Function  Monitoring 
System,  we  have  stored  In  our  data  base  multi-lead  (up  to  19  leads  according  to  the  International 
10-20  System)  CBEG  data  of  more  than  700  healthy  m&Jes  and  females  and  more  than  2000  patients  in 
the  age  range  of  5-92  years.  As  Figure  C  illustrates,  the  delta  activity  ranges  from  1.6  percent  in 
the  parietal  leads  and  up  to  6  percent  in  the  anterior  leads.  The  theta  activity  shows  a  steady 
decrease  from  the  frontal  (32  percent)  to  occipital  (20  percent).  The  mean  alpha  activity  ranges 
from  40  percent  In  the  anterior  up  to  57  percent  In  the  posterior  ares.  The  mean  beta  activity 
ranges  from  19  to  22  percent.  Thus,  our  preliminary  data  base  values  support  well-known  and 
published  materiel  concerning  the  increase  of  alpha  activity  from  the  anterior  to  posterior  area,  the 
lower  percentage  of  alpha  activity  in  the  left  hemisphere  of  the  right-handed  population,  decreased 
theta  activity  from  frontal  to  occipital  leads  and  insignificant  delta  activity  in  healthy  adults. 
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Figure  3 

In  contrast  to  the  young  healthy  (male)  population,  the  elderly  patients  (N«  87;  age  range 
49-89  years)  without  significant  clinical  symptomnlogy  show  significantly  loss  alpha  activity  (a  mean 
alpha  range  from  29  percent  in  the  frontal  left  up  to  38  percent  in  the  occipital  right)  and  the  delta 
activity  is  significantly  higher  (7  percent  in  the  right  occipital  up  to  12  percent  in  the  left  frontal 
area  (Figure  4).  Also,  theta  activity  is  significantly  higher  in  the  elderly  (mean  of  8  leads  in 
elderly  34  percent,  in  young  males  28  percent). 


Fig*  re  4 


While  collecting  this  data  we  incurred  the  following  difficulties: 

1.  Definition  of  "Healthy"  subjects  particularly  in  elderly  is  very  difficult.  We  have 
established  a  variety  of  physical  findings  and  neuropsychiatric  symptoms  in 
so-called  healthy  asymptomatic  patients. 
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2‘  t0  vlBU#1  ("«y«b*lln)  evaluation  of  BEG  records,  using  time-domain  snalyala, 

CEBG  shows  mors  low  voltage  slow  waves.  By  visual  Inspection  eleotroencephalographera 
usually  tend  to  Ignore  low  voltage  slowing  as  baseline  sway,  eye  movement  or  eye 
lead  artifacts,  Our  comparative  studies  betwsen  computer  evaluation  and  two 
eleotroenoephslogrsphers'  readings  Indicated  that  time  domain  analysts  and 
eleotroenoephslographers  arc  more  In  ag-eement  than  the  electroencephaloeraphera  and 
Power  Spectrum  Analysis. 


CNS  Effects  of  Psycho  tropics: 

R  Is  well-established  that  drugs  which 
(paychotroplcs)  also  exert  significant  effects  on 
single  oral  doss  has  been  administered  (12). 


Induce  significant  effects  on  human  behavior 
scalp-recorded  human  CEEGa,  ev6n  after  only  one 


It  was  further  established  that  drugs  with  similar  therapeutic  effects  (all  ontidepresaanta  or 
antipsychotic,  or  anxiolytics)  exert  similar  changes  on  the  CEBG  (profiles)  whereas  drugs  with 

„«rnt„t,he.7^,i,0„propertle8  <1,ei  *ntl<Jepresaants  versus  antlpsychotics)  have  different  CEEG 
profiles  (13,14,15)  (Figure  5), 


Figure  5 

tThh«em,,i«n?l»H8rpeRo*nIl,hed.  US^  °"!y  •JnBle-le*d  CEBG  analysis,  were  confirmed  and  expanded  by 
tne  multi-lead  CEBG  Dynamic  Brain  Mapping  method.  J 

CEBG  Brain  Mapping  of  Anxiolytics: 

,  In  '  r*0*n  *t  dy  ln  “.  ^roup  oi  10  "symptomatic  male  volunteers  (aged  22-41  years,  mean  = 
28.8  years).  it  was  established  that  CEBG  changes  induced  by  Vallum"  (diasepam)  a  potent 
anxiolytic,  are  characterised  by  an  increase  of  faat  beta  activity  aa  previously  reported  (15,17). 
No  changes  were  seen  after  saline  (aa  placebo).  However,  ln  contrast  to  previous  findings  very 
®*rl.y . °tn<,®lt  of  CNS  •f**fta  (two  to  three  minutes  after  I.V.  and  25  to  30  minutes  after  oral 
administra^on)  was  established  ln  the  anterior  area  of  the  brain  (18).  The  peak  of  the  CNS  effects 
of  Vallum  were  established  within  5  to  10  minutes  after  5mg  I.V-  an  1  35  to  40  minutes  after  lOmg 
oral  administration.  When  the  peak  CNS  effects  after  5mg  Valium*  I.V.  on  the  Individual  subjects 

eWZt.  Th.  '.f/.cT.“tn0btber,d  tHha'  thfM  0f  ‘h?  *?»  •ho*  any  ."gX^t  CNS 

8  "  Tb*  ettecta  in  three  others  were  marked.  In  one  subject  a  noticeable  effect  waa  detected 

°"  y  ‘V"*  hemisphere,  end  ln  three  others  ln  only  one  quadrant  of  the  brain.  Wh^as  it  wm 
9*,«b“*h®1d  th“,  «*  •ubjecte  who  .bowed  extreme  CEEGeffecte  or  no  CNS  effect,  have 

( pronounced  sedation  versus  none),  the  clinical  therapeutic  meaning  of  these 
imer-Individual  difference*  ha*  not  yet  been  systematically  investigated. 


CEBO  Dynamic  Brtln  Mapping  of  Antldepre«»«nta ; 

Tin  olaaaio  CEBO  profll  ee  of  intldeprestant  drugs  are  oharacteriied  by  decreased  alpha  and 
Increased  alow  and  fast  activities,  and  are  baaed  on  the  recording  and  analyaia  of  the  CEBO  in  a 
single  occipital  lead  (It), JO).  In  a  recent  study  (24  male  subjects  ln_the  age  range  of  19-39  years, 
mean  age  »  27.8  years),  we  were  able  to  demonstrate  that  Sinequari  (doxepln),  a  potent  tricyclic 
antidepressant,  has  potent  effects  on  all  areas  of  the  brain  (21).  Ab  we  previously  predicted 
(22,23),  the  moat  characteristic  CEEO  activity  useful  us  a  "bto-aasay"  in  bioavallabllity  studies  of 
antidepressants,  was  7.5-13.0  Hi  (alpha)  activity.  A  marked  decrease  of  alpha  activity  was 
observed  within  an  hour  after  oral  administration  of  50mg  and  lOOmg  Slnequan  and  lasted  up  to  six 
hours.  (According  to  a  pharmacodynamic  model  (area  under  the  curve),  the  CNS  effects  of 
Slnequan”,  In  both  30  and  lOOmg  doses,  were  significantly  different  than  those  after  administrstion 
of  placebo  (Figure  8). 


When  we  Investigated  the  inter-individual  differences  during  the  peak  time  of  the  CNS  effects,  ^t 
was  established  that  the  majority  of  the  subjects  showed  marked  effects  with  50mg  Slnequan”. 
However,  some  subjects  did  not  show  any  significant  changes. 

CEEO  Dynamic  Brain  Mapping  of  Antipayohotlca  (Neuroleptics) : 

—  According  to  single-lead  analysis,  the  COO  profiles  of  neuroleptics  were  characterized  by 
increased  alow  waves  and  decreased  fast  activity  (14,15,24,25,28).  However,  in  our  previous 
studies,  the  CEEG  profiles  of  different  neuroleptics  could  not  be  established  as  consistently  as 
anxiolytic  and  antldapreseent  drugs.  Our  CEEO  Drug  Data  Base  generally  classified  neuroleptics 
with  lower  similarity  coefficients  than  those  of  antidepressant,  anxiolytic  of  psychostimulant 
compound”  (27,9,11). 

D 

In  a  recent  study,  the  CNS  effects  of  Navane  (thiothixene),  a  potent  neuroleptic,  were 
investigated  in  a  group  of  24  asymptomatic  male  volunteers  (18-40  years  of  age,  mean  27.2  years). 
The  results  of  this  extensive  study  clearly  confirm  the  previous  findings  (22,23)  that  1. 3-3.5  Hz 
(delta)  activity  significantly  increases  after  Navane  and  that  this  frequency  band  can  be  applied  as 
pharmaco-dynamic  ’’bio-assay"  for  this  neuroleptic  (28).  The  most  surplslng  finding  was  that  the 
CN6  effects  of  Navane  start  within  four  hours  but  did  not  peak  before  8  hours  after  oral 
administration  of  either  5  or  lOmg  single-doses  (Figure  7). 

This  study  was  helpful  to  explain  the  inconsistant  results  of  our  previous  CEEO  studies  with 
neuroleptics  and  their  poorer  classification  relative  to  other  therapeutic  classes.  In  all  previous 
investigations,  we  usually  only  conducted  CEBO  recordings  up  to  six  hours  after  oral 
administration .  Thus,  it  is  apparent  that  we  did -not  evaluate  CNS  effects  of  neuroleptics  during 
their  peak.  Another  surprising  result  with  Navane11  was  that  its  CNS  effects  start  predominately  in 
the  occipital  area  of  the  brain  and  spread  first  to  the  temporal  and  later  to  the  frontal  regions.  In 
addition,  we  noted  a  significant  difference  in  the  peak  plasma  level  (+  1.3  hours)  versus  peak  CNS 
effects  (8  hours)  as  defined  by  both  CEEG  and  side  effects  ratings ,  which  themselves  were 
well-correlated. 


Figure  7 


In  the  present  study,  it  was  also  established  that  there  were  significant  inter-individual 
differences  in  CNt>  response.  Although  8  subjects  showed  maximum  effects,  there  were  5  subjects 
who  showed  very  little  or  no  CNS  response. 

CEBO  Brain  Mapping  of  "Anti-geriatric"  Drugs: 

According  to  our  previous  studies,  drugs  with  psychostimulant  properties  induced  significant 
effects  on  human  brain  function  (14,26).  CEEO  profiles  of  psychostimulants  are  characterized  by 
increased  7.5  to  13.0  Hz  (alpha)  activity.  In  recent  studies,  we  further  established  that  so-called 
cognitive- activating  compounds  (anti-geriatric  drugs),  either  with  or  without  vigilance-enhancing 
properties,  also  cause  a  marked  increase  in  alpha  activity  in  human  EEC  (7,29,30,31).  In  a  study 
(12  symptomatic  male  patients  with  dysthymic  disorder  [DSM-III:  300.40]  in  the  age  range  of  21-47 
years,  with  a  mean  age  of  32.5  years)  the  percentage  of  alpha  activity  is  significantly  increased 
and  delta  activity  decreased  after  administration  of  a  new  cognitive-activator,  oxiracetam,  in 
comparison  to  placebo.  It  was  found  that  the  onset  of  CEEO  effects  of  oxiracetam  started  after  3 
hours  and  lasted  at  least  8  hours.  Maximum  effects  were  observed  at  6-8  hours  after  oral  drug 
administration. 

The  Effects  of  Physiological  Changes  In  Brain  Function  Using  Dynamic  Brain  Mapping  Methods 

The  significant  changes  In  Drain  function  due  to  spontaneous  drowsiness  and  natural  sleep 
have  been  described  extensively.  Using  single-lead  CEEO,  we  demonstrated  that  the  sleep  stages 
can  be  classified  objectively  and  all-night  sleep  recording  can  be  qusntatively  evaluated  (32,33,34). 
We  also  established  that  the  CEEO  sleep  prints  (35,36,37,36,39,40)  are  characteristic  for  each 
Individual  and  can  deviate  significantly  when  someone  suffers  from  sleep  disturbances  attributable  to 
psychological  or  organic  causes.  Using  multi-lead  Dynamic  Brain  Mapping,  we  can  now  classify  the 
sleep  stages  according  to  16  areas  of  the  brain. 

The  percentage  distribution  of  different  frequency  bands  in  different  sleep  stages  is  shown  in 
Figure  8.  As  expected,  the  delta  activity  increased  in  deep  sleep  stages  (2  and  3).  We  observed 
that  there  is  significant  varianoe  in  the  onset  and  the  depth  of  the  sleep  stages  In  different  areas 
of  the  brain.  Based  on  previous  experience  with  single-lead  CEEO,  we  expect  to  have  the  most 
interesting  results  when  we  amass  more  data  during  all  night  sleep  and  particularly  during  dream 
periods.  Our  preliminary  Investigations  suggest  that  the  topographic  quantification  of  the  EEC 
patterns,  particularly  during  REM  periods,  may  provide  us  with  significant  correlations  between 
behavior  and  EEC . 
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Figure  8 

It  Is  well-known  that  during  hypoglycemic  states  slow  waves  increase  and  alpha  activity 
decreases.  Dynamic  Brain  Mapping  enabled  us  to  establish  that  the  slowing  is  predominately  in  the 
anterior  area  of  the  brain  in  a  hypoglycemic  patient  (5).  Subsequent  to  glucose  administration, 
dramatic  change  was  observed  in  EEG  with  an  Increase  of  alpha  and  docrease  of  slowing.  However, 
the  glucose-induced  normalization  of  CEEG  lasted  only  approximately  one  hour  and  the  abnormal 
pattern  in  the  anterior  brain  area  recurred. 

CEBO  Alterations  During  Different  Psychophyslological  Conditions: 

'  In  order  to  replicate  ihe  previous  findings  and  possibly  contribute  additional  information,  a 
series  of  exploratory  investigations  were  conducted  In  different  psychophyslological  conditions. 

The  following  is  a  presentation  of  some  of  the  preliminary  results: 

Dynamic  Brain  Mapping  made  it  possible  to  note  and  observe  CEEG  changes  throughout  the 
brain  both  in  the  induction  phase  as  well  as  during  deep  hypnosis. 

As  might  be  expected,  we  have  also  observed  significant  changes  after  pain  stimuli  (ice  water). 
Slight  but  generalized  slowing  in  the  CEEG  of  a  subject  decreased  significantly,  and  was  replaced 
by  an  Increase  of  alpha  activity  within  five  seconds  when  the  right  hand  was  in  ice  water.  Within 
fifteen  seconds  after  the  painful  stimulus  was  terminated,  the  alpha  activity  was  again  replaced  by 
theta  waves  in  all  brain  areas  except  In  the  occipital  leads.  When  the  left  hand  was  put  in  the  ice 
water,  slow  wave  activity  again  disappeared  and  was  replaced  by  alpha  activity. 

The  Effects  of  Non-Psychotroplc  Drugs  on  Human  Brain  Function: 

Whereas  CfeEtl  nai  already  sufficiently  Illustrated  changes  in  brain  function  due  to  the 
(pharmacological)  effects  of  psychotropic  drugs,  even  with  only  single-lead  analysis,  detection  of 
CN8  effects  of  substances  without  classic  psychotropic  properties  was  more  difficult.  Dynamic 
Brain  Mapping  was  recently  applied  In  some  preliminary  investigations  with  several  non-psychotroplc 
substances. 

The  existence  of  psychotropic  properties  of  aspirin  has  been  reported  by  several  Investigators. 
Two  hours  after  oral  administration  of  lOOOmg  asplrfn,  a  decrease  of  alpha  and  even  beta  activity 
and  Increase  of  slow  potentials  was  observed  (Figure  9a). 
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Chlor-Trimeton  (chlorpheniramine  maleate),  a  sedative  antihistamine,  was  also  noted  for 
having  CN8  effects  but  to  a  lesser  degree  than  aspirin.  According  to  our  preliminary 
investigations  using  Dynamic  Brain  Mapping,  it  was  possible  to  demonstrate  a  slight  increase  of 
slowing  within  one  hour  after  8  mg  Chlor-Trimeton  (Figure  9b). 

Propranolol,  a  beta  blocker  with  antihypertensive  and  antiarrythmia  properties,  was  previously 
described  as  having  significant  CNS  effects  (41).  Using  Dynamic  Brain  Mapping,  we  demonstrated 
that  40mg  propranolol  induced  significant  increase  of  delta  activity  within  one  hour  after 
administration  (Figure  9c).  After  two  hours,  slowing  effects  of  propanolol  decreased  significantly. 
Alpha  activity  reoccurred.  There  was  even  a  "rebound"  noted  whereby  the  relative  percentage  of 
alpha  activity  was  seen  to  increase  beyond  pre-administration  levels. 


Figure  9 


Summary  and  Conclusion: 

Single -lead  computer  analysis  of  EEG  demonstrated  that  this  method  Is  very  unique  in  both  its 
objectivity  and  efficiency  to  determine  the  existence  of  CNS  effects  of  drugs  and  classify  and 
predict  their  psychotropic  properties.  Furthermore  and  most  importantly,  that  there  arc  known 
correlations  between  behavior  and  EEG  makes  thia  method  a  clinically  useful  tool  in  psychiatry  and 
psychology.  The  replicability  of  the  findings  through  statistical  analysis  of  the  quantitative  data  are 
scientific  validation  of  the  reliability  of  the  results,  In  spite  of  these  and  other  findings,  EEG  has 
still  not  been  accepted  as  a  method  of  choice  for  most  behavioral  scientists  or  practicing  clinicians. 
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Persona  In  profeasiom  such  ••  air  traffic  controllers,  nuclear  reactor  technicians,  airplane  pilots 
and  others  whose  vigilance  or  coordination  play  a  critical  role  in  the  performance  of  their  duties, 
which  in  turn  can  have  an  lmpaot  on  numerous  people,  are  frequently  examined  with  reapect  to 
physical  condition.  Vet  it  la  rare  and  certainly  not  routine  that  these  same  Individuals  ever  undergo 
any  examinations  that  monitor  the  functioning  of  their  brain.  Even  accident-prone  persons  who, 
according  to  literature,  frequently  exhibit  periods  of  impaired  alpha  activity  in  EEQ  indicating 
temporary  changes  in  vigilance  or  consciousness ,  oould  possibly  be  helped  by  such  testing. 

As  this  presentation  has  demonstrated,  quantification  of  EEO  can  pinpoint  a  marked  decrease  of 
alpha  and  an  increase  of  slow  wave  activity  indicating  impairment  of  vigilance.  For  example,  when  a 
person  takas  two  aopirin  fbr  a  headache,  an  antihistamine  for  allergies,  or  a  beta  blocker  for 
hypertension,  such  changes  in  vigilance  can  take  plaoe.  When  the  same  person  then  consumes 
alcohol,  the  BEG  changes  are  likely  to  be  potentiated  signlfioantly  resulting  in  disturbed 
payohomotor  function ,  hasardous  to  both  the  person  and  their  environment.  Not  only  "classic" 
psychotropics  but  also  hypnotics,  antieplleptlcs ,  some  antisllergics ,  antihypertensives,  cough 
medloines,  analgesics,  and  even  some  of  the  antiulcer  drugs  can  lnduoe  significant  vigilance, 
consciousness  and  payohomotor  changes  that  are  potentiated  by  alcohol,  illicit  drugs  and 
tranqidlisers.  Quantified  BEG  can  provide  significant  information  on  the  atatus  of  brain  function  and 
its  changes  relative  to  a  variety  of  internal  and  external  conditions. 

In  spite  of  the  challenges  encountered  by  quantification  of  EEO  from  only  one  area  of  the  brain 
(left  or  right  occipital),  due  largely  to  the  extrordlnary  coat  and  relatively  limited  storage  and  alow 
date  processing  capabilities ,  we  were  nonetheless  able  to  generate  substantial  findings  that 
demonstrate  both  the  actual  and  potential  utility  of  computer-analysed  BEG  (CEEG)  in  behavior 
research,  psychiatry  and  psychopharmacology: 

1.  CEEG  can  aaalst  In  the  determination  of  the  existence  of  organtdty  in  psychotic  patients. 

Thus,  psychotropic  drug  treatment  can  be  modified  to  achieve  the  beet  therapeutic  effect 
(42,43) . 

2.  There  are  close  correlations  between  EEG  and  behavior,  CRBG  has  been  useful  in  the 

monitoring  of  psychotropic  drug  treatment  and  was  applied  during  drug  treatment  with 
antipsychotlca  (44, 45,44,47, 48, 49,80,51,52,  S3, 54, 55, SB),  anxiolytics  (17,57,58,53,60). 

"antlgerlatrica"  (81,82,63,84,85),  "anti-agreaslves"  (66,67,68),  and  antidepressants  (19).  CEEG 
has  also  been  used  to  monitor  and  determine  the  beat  combined  drug  treatment  (69,70,71). 
CEEG  has  furthermore  been  applied  to  predict  the  therapeutic  outcome  before  or  during 

treatment  of  acute  schizophrenics  (72,73,74),  (drug)  therapy-reslatant  schizophrenics 
(75,76,77,78,79),  depressive  patients  (80,81),  and  behavlorally  disturbed  children  (82). 

3.  CEEG  can  be  used  as  a  pharmacodynamic  parameter  to  determine  bloavollability  and 

blooquivalency,  or  lack  thereof,  of  psychotropic  drugs  (22,23,28,101,129,130,131).  We 

demonstrated  that  a  generic  psychotropic  can  have  significantly  different  quantitative  and 
qualitative  effects  on  the  CN8  than  its  ethioal  competitor,  although  the  peripheral  blood  levels 
may  be  acceptable  according  to  conventional  pharmacokinetic  standards  (129). 

4.  CEEG  studies  demonstrated  that  therapeutically  equivalent  psychotropics  induce  similar,  even 
characteristic  alterations  in  BBC  patterns,  called  profiles,  whereas  therapeutically  unequal 
compounds  generate  different  CEEG  profiles.  CEEG  has  and  still  is  being  used  in  the 
development  of  antlpsychotios  (85,84,90,80,67,88,89,90),  antidepressants  (19,20,38,91, 
92,93,94,95,98,97,98),  anxiolytics  (18,17,57,59,90,100,101,102,103),  "antigeriatrics" 
(29,30,31,62,03,64,104,105,106),  "antl-aggresaivea"  (107,108),  "antimanlc"  drugs  (109,110), 
hypnotics  (111,112)  and  cerebrovascular  compounds  (31,41,92,106,113). 

CEBG't  utility  in  psychotropic  drug  development  wee  Indisputably  validated  by  the  discovery  of 
the  psychotropic  properties  of  e  series  of  compounds.  Based  solely  on  their  CEEG  profiles, 
the  antidepressant  properties  of  three  compounds  were  discovered:  mesterolone,  a  male 
hormone  (114),  estradiol  valerate,  a  female  hormone  (115,110),  and  mianserin,  an  antihistamine 
(117,118).  From  among  these,  mianserin  Is  now  marketed  as  on  antidepressant.  Antlanxlety 
properties  of  two  substances  were  discovered:  cyproterone  acetate,  an  anti-androgen 
(116,120),  and  1-norgeatrel,  a  progestational  compound  (121,122,123).  "Antigeriatric"  and  even 
alcohol-blocking  properties  of  liaurlde,  a  potent  antlseiotonerglc  compound,  wore  also 
predicted,  again  based  solely  on  its  CEEG  profile  (104,124,125,120,127,128). 

5.  CEEG  car.  Illustrate  systematic  and  statistically  significant  effects  of  s  variety  of  compounds 
not  considered  to  be  CNS-effective  in  the  classic  sense.  Among  others,  strong  anticholinergics 
(132),  fenfluramine  (133),  antimigraine  compounds  (134),  caffeine  and  Coca-Cola11  (135), 
dnanserln  (136),  nicotine  (137,138),  beta-blockers  (41),  antihistamines  and  analgesics  (Itll  et 
al,  In  Press)  exert  noticeable  effects  on  CEEG  which  have  significant  behavioral  correlations. 

6.  Single  dosages  of  psychotropic  drugs  Induce  significant  alterations  in  CEEG  within  hours  after 
administration.  The  bioavallabiUty  of  a  psychotropic  is  determinable  according  to  its 
pharmacodynamic  effects  on  the  target  organ,  the  brain.  Therefore,  a  technique  celled 
Test-Dose  wee  developed  to  sestet  In  the  "tailoring"  of  the  host  bioavallable ,  and  thus 
effective,  drug  treatment  for  each  individual,  patient.  Preliminary  studies  In  schizophrenia 
(79)  and  anxiety  neurosis  (60,83)  suggest  the  value  of  CEEG  to  predict  the  right  drug  for  the 
right  patient. 


Until  recant  year*,  the  quantification  of  BEG  using  computer*  was  a  complicated, 
time-consuming  and  expensive  procedure,  The  development  of  microprocessors  and  newer  software 
for  fast,  economical  computer  analysis  of  BEG  will  signifloantly  enhance  its  practical  application  in 
behavioral  research  and  clinical  settings.  As  we  have  shown  here  utilising  the  CEEG  Dynamic  Brain 
Mapping  system  that  we  developed,  quantification  can  be  achieved  on-line,  real  time,  generating 
statistical  results  and  vivid  topographic  maps  with  different  types  of  analyses  (Power  Spoctrum, 
Zero  Crossing,  time  domain,  etc,).  The  expenses  of  the  hardware  and  software  are  minimal.  The 
coat  of  the  analysis  per  minute  is  a  fraction  of  the  cost  of  fust  a  few  years  ago.  Thanhs  to  the 
power  of  hardware  and  availability  of  software  packages,  we  have  already  been  able  to  develop  a 
significant  data  base  to  enhance  the  practical  use  of  the  system  and  to  correlate  with  other  data. 
Although  it  still  operate*  using  the  old  type  of  EBG  machines,  this  newer  technology  can  provide  a 
variety  of  frequency  spectra  of  the  BEG  in  addition  to  classic  alpha,  beta,  theta,  and  delta 
frequency  bands.  Thus,  the  recording  and  analysla  of  the  wide  spectrum  of  brain  electrical 
activity  aenaitisea  the  standard  four  frequency  band  EBG. 

Multi-lead,  on-line,  real-time  computer  analysis  of  BEG  will  further  enhance  the  research  and 
clinical  applications  of  this  method.  Our  preliminary  investigations  demonstrate  multi-lead  analysis  is 
significantly  superior  to  single-lead  BEG  quantification  as,  for  example,  in  the  studies  of  the 
bioavailability  and  bloequivalency  of  psychotropic  drugs.  We  were  able  to  discriminate  between  two 
seemingly  similar  anxiolytics,  two  different  dosages  of  neuroleptics,  and  even  the  CNS  effects  of  a 
generic  from  a  brand-name  psychotropic  drug  based  even  on  juat  four  frequency  bands  (128).  We 
predict  that  multi-lead,  multi-frequency  quantification  will  assist  both  scientists  as  well  as 
practitioners  in  understanding  human  behavior  and  its  correlations  with  brain  bioelectrical 
phenomena. 
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DISCUSSION 

JOHN,  US:  You  mentioned  the  ability  to  snap  spikes,  i.fc.,  to  find  them.  We  have  been  doing  that  for  none 
years  with  our  spike  detection  algorithm.  If  we  take  a  population  of  normal  subjects  and  a  population  of 
epileptics  from  our  data  base  and  pass  thoir  EEGj  through  our  spike  detector,  we  find  the  same  number  of 
spikes  in  both.  How  do  you  know  that  you  are  detecting  spikes  and  not  the  same  kind  oi  sharp  event  that 
would  be  displayed  In  a  normal  EEG?  What  is  your  criteria? 

ERALP,  US:  We  scan  the  EEG  looking  for  any  high  voltage,  fast  activity  that  has  a  certain  shape.  When  we 
graph  the  spike  activity  on  the  spike  plot,  we  only  do  that  to  draw  attention  to  the  s«raple  of  EEG  that 
has  the  spike,  or  so-called  spike,  so  that  someone  can  determine  whether  it  is  an  artifact,  or  true 
spike.  We  do  not  Indicate  that  It  is  definitely  a  spike;  we  only  want  to  draw  attention  to  it  so  that  it 
can  be  further  evaluated. 

JOHN,  US:  Have  you  ever  done  that  with  a  population  of  normals? 

ERALP,  US:  We  haven't  done  that;  but  I've  noticed  that  in  all  of  our  records  we  have  a  certain  threshold 
spike  level  which  varies  from  2  to  10  spikes  per  EEG  sample,  some  of  which  ia  due  to  muscle  artifact. 
SooieLiraes,  certain  high-frequency  alpha  activity  is  picked  up  with  our  methods.  Above  a  certain  threshold 
there  is  definitely  abnormal  spiking. 
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SUMMARY 

We  use  the  generic  term  "Neurocogn I t I ve  Pattern  (NCP)  Analysis'  to  refer  to 
procedures  being  developed  to  extract  spa t iotempora I  neurocogn i t i ve  patterns  from  the 
unrelated  neuroelectric  "noise"  of  the  brain.  Recordings  with  up  to  64  scalp  channels 
during  highly  controlled  tasks  are  now  routine  in  our  laboratory,  as  is  the  extended 
signal  processing  sequence  required  to  extract  minute  neurocogn i t I ve  signals  from 
gigabyte  sets  of  single-trial  data.  More  robust  measures  of  tho  degree  of  "functional 
interdependency"  between  electrodes  have  been  developed  and  applied  to  several 
vlsuomotor  and  high-load  cognitive  tasks.  The  results  are  clear-cut  snd  consistent  with 
prior  neuropsychological  models  of  the  rapidly  shifting  cortical  network  accompanying 
expectancy,  stimulus  registration  and  feature  extraction,  response  preparation  and 
execution,  and  "updating"  to  feedback  about  response  accuracy.  These  results  suggest 
that  It  Is  possible  to  characterize  "functional  interdependencies"  of  event-related 
processing  between  local  neural  areas  by  measuring  the  wave  congruence  and  lao  time  of 
appropriately  preprocessed  low-frequency  brain  waves.  Determining  the  distributed 
functional  network  of  specialized  areas  of  the  brain  producing  the  observed  patterns  is 
a  formidable  problem  which  is  being  attacked  on  a  number  of  fronts:  use  of  magnetic 
resonance  images  to  relate  the  scalp  electrode  positions  to  underlying  brain  structures; 
use  of  spatial  filters  to  remove  the  "blurring"  effect  of  conduction  of  brain  potentials 
through  skull  and  scalp;  and  Incorporation  of  multichannel  magnetoencepha logram  data. 


INTRODUCTION 

Here  we  describe  some  of  our  developments  in  signal  processing  and  computer  science, 
and  some  of  the  results  they  have  rm»de  possible. 

The  generic  term  "Neurocogn i t i ve  Pattern  Analysis"  (NCP  Analysis)  describes  the 
signal  processing  procedures  we  developed  to  extract  task-related  spat iotemporal 
patterns  from  the  unrelated  electrical  activity  of  the  brain.  In  the  past  10  years,  we 
have  applied  these  procedures  towards  one  underlying  goal:  to  resolve  spatially  and 
temporally  overlapping,  task-related  mass  neural  processes.  Since  such  processes  are 
complex,  we  are  concerned  with  spa t i otempora I  task-related  activity  recorded  by  many 
(currently  up  to  84)  scalp  electrodes  In  many  (currently  about  25)  time  intervals 
spanning  a  4-8  second  period  extending  from  before  a  cue,  through  stimulus  and  response, 
to  presentation  of  feedback  about  performance  accuracy.  In  order  to  quantify  the 
similarity  of  activity  and  time  dependencies  between  channels,  we  developed  the  method 
of  event- related  covariance  (ERC). 


NEUROPHYSIOLOGICAL  BASIS  OF  MEASUREMENTS 

We  are  Investigating  whether  the  summed  dendritic  activity  of  a  largo  number  of 
neurons  In  a  structure  is  sensitive  to  the  rapid  changes  in  brain  state  associated  with 
performance  of  complex  behavioral  tasks.  Our  studies  In  humans  11-81,  and  preliminary 
studies  in  monkeys  indicate  that  appropriate  measures  of  correlation  cr  covariance 
between  chnnnols  can  reveal  "functional  interdependencies"  between  different  parts  cf 
the  brain  that  are  rapidly  changing  (in  fractions  of  a  second)  and  are  spatially 
specific.  While  the  scalp  functional  Interdependency  patterns  have  been  consistent  with 
the  known  functional  neuroanatomy  of  the  cerebral  cortex  as  determined  by  other  lines  of 
evidence,  tne  source  of  these  patterns  is,  in  fact,  unknown.  The  major  thrust  of  our 
researcn  program  Is  to  determine  theii  sources. 

Our  method  Is  based  on  prior  studies  suggesting  that  there  is  a  consistent  morphology 
and  timing  of  macropotentials  from  functionally  related  brain  regions.  More  than  a 
decade  ago,  Eiul  [9]  concluded  that  ex t race  I lu lar l y  recorded  cortical  macropotentials 
result  from  summation  of  dendritic  activity  of  the  synchronized  portion  of  a  neuronal 
population.  Recently,  Petsche  et  al  (10]  have  demonetrated  with  their  "micro-EEG” 
approach  the  importance  of  the  close  relation  between  macropr tent ials  and  local  cortical 
architectonics.  Although  the  extracellular  field  of  potential  (dependent  as  it  is  on 
the  local  neuronal  topology)  is  a  complex  superposition  o'  multiple  closed  and  open 
fields,  the  far  field  prcjecticn  at  the  scalp,  to  a  first  approximation.  Is  only  due  to 
the  resultant  dipole  of  the  active  open  fields  f 11—42] . 
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The  idea  that  functional  relation  between  two  populations  Is  reflected  In  their  co- 
synchro.il zat Ion  (possloly  with  delay)  was  originally  studied  with  behavioral 
conditioning  experiments  [13-15],  Oumenko  [16]  found  In  dogs  that  correlation  between 
extracellular  potentials  of  visual  and  motor  cortices  Increased  with  conditioning  to  a 
visual  stimulus  and  was  highest  at  the  time  of  the  conditioned  stimulus  and  response. 
The  finding  that  hljh  correlation  was  specific  to  particular  regions  of  motor  and  visual 
cortices  was  similar  to  the  observation  of  Breseler  [17,18]  that  high  correlation 
between  olfactory  bulb  and  cortex  In  rabbits  was  specific  to  particular  regions  of  each. 
Measures  of  similarity  between  field  potentials  have  also  been  applied  to  averaged 
event-related  potentials.  John  st  al.  [19]  measured  the  relatedness  of  waveforms 
recorded  from  different  conditioned  responses  and  demonstrated  differential 
generalization  of  neural  activity  based  on  wavoform  similarity. 

The  theoretical  framework  for  the  study  of  field  potentials  comes  from  the  pioneering 
work  cf  Freeman  [20],  who  discovered  a  systematic  order  between  pulse  probability  of 
individual  neurons  and  the  phase  of  extracellular  field  potentials.  Beyond  this,  his 
recent  work  has  suggested  that  a  fundamental  property  of  macropotentials  is  the 
emergence  of  dynamic  self-organizing  order  from  chaotic  macroscopic  states,  lasting  from 
tens  to  hundreds  of  milliseconds  [21],  In  this  context,  we  expect  event-related 
potentials  to  reflect  the  emergence  of  a  rapidly-shifting,  widely  distributed  functional 
aggregate  of  neuronal  populations. 

These  studies  were  important  in  laying  the  foundation  for  our  current  NCP  Analysis. 
Using  modern  recording  and  signal  processing  technologies,  our  aim  is  to  improve  the 
spatial,  temporal  and  behavioral  specificity  of  event-related  potential  studies.  In  the 
spatial  domain,  we  seek  to  expand  the  number  of  simultaneously  recorded  brain 
structures,  on  the  scalp,  as  well  as  cortical ly  and  subcor 1 1 ca I  I y  in  neurosurgery 
patients  and  In  monkeys.  Temporally,  our  goal  is  to  measure  shifts  in  the  timing  of 
event-related  potentials  on  the  order  of  tens  of  milliseconds.  Behavioral ly,  our 
approach  Is  directly  in  line  with  that  of  single-neuron  experimenters,  with 
Mountcast le's  [22]  notion  of  a  "combined  experiment."  Basically,  we  select  a  behavior 
believed  on  other  grounds  to  involve  the  regions  of  the  brain  under  study,  and  train  a 
person,  or  animal,  to  produce  that  behavior.  As  with  the  recording  of  single  neurons, 
the  interpretation  of  our  results  depends  on  correlating  neural  activity  with  that 
behavior.  Other  lines  cf  evidence  are  used  to  impute  cause  from  correlation. 


NEUROCOGN I T I VE  PATTERN  ANALYSIS  AND  THE  ADIEEG-IV  ANALYSIS  SYSTEM 


First  Genera t ion 

Thus  far,  there  have  been  four  generations  of  NCP  analysis.  The  first  measured 
background  cEG  spectral  intensities  while  people  performed  complex  tasks,  such  as 
arithmetic  problems  lasting  up  to  one  minute.  Complex  perceptuomotor  and  cognitive 
activities  like  these  produce  unique,  spatially  differentiated  scalp  EEG  spectral 
patterns.  These  patterns  had  sufficient  specificity  to  identify  the  type  of  tasks  being 
performed  [1-3J.  These  results  agreed  with  previous  reports  of  hemispheric 
lateralization  of  "spatial"  and  "linguistic"  processing.  But  when  the  tasks  were 
controlled  for  stimulus,  response  and  performance-related  factors,  they  had  identical, 
spatially  diffuse  EEG  spectral  scalp  distributions  [4]  (Figure  1).  Since  no  patterns  of 
hemispheric  lateralization  were  found,  this  suggested  that  previous  and  most  current 
reports  of  EEG  hemispheric  lateralization  may  have  confounded  electrical  activity 
related  to  limb  and  eye  movements  and  arousal  with  those  of  mental  activity. 


Second  Generation 

The  second  generation  of  NCP  analysis  measured  c r osocor r e I  a t i ons  between  91  pairwise 
combinations  of  IS  electrodes  recorded  during  performance  of  simple  tasks.  These  split- 
second  tasks,  controlled  so  that  only  the  type  of  judgment  varied,  were  associated  with 
complex,  rapidly-shifting  event-related  correlation  patterns  [5]  (Figure  2).  By 
extracting  differences  between  similar  spatial  tasks,  rapidly  shifting  focal  patterns 
were  found  that  were  in  agreement  with  the  known  functional  neuroanatomy  of  the  cerebral 
cortex  [8.7]  (Figure  3).  From  these  results,  it  was  clear  that  it  was  possible  to 
measure  salient  aspects  of  the  rapidly  shifting,  complex  mao^>  neural  processes  that  are 
associated  with  the  successive  information  processing  stages  cf  simple  visuomotor 
judgment  tasks. 
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Figure  1.  Results  of  experiments  designed  to  assess  EEG  correlates  of  higher  cognitive 
functions.  (Left)  Tasks  of  Experiment  1  were  one  minute  long  and  involved  limb 
movements  and  uncontrolled  differences  in  stimulus  characteristics  and  performance- 
related  factors.  (Right)  Tasks  of  Experiment  2  were  less  than  15  seconds  long  and 
required  no  motion  of  the  limbs;  stimulus  charfcter 1st Ics  and  performance-related 
factors  were  also  relatively  controlled.  The  graphs  display  means  over  all  subjects  of 
standard  scores  of  EEG  spectral  intensities  (expressed  as  changes  from  visual  fixation 
values  tor  clarity  of  display)  recorded  during  performance  of  two  tasks  in  Experiment  1 
and  three  tasks  In  Experiment  2.  Upper,  middle  and  lower  sets  of  graphs  are  for 
spectral  intensities  in  the  theta,  alpha,  and  beta  bands.  The  abscissae  show  scalp 
electrode  placements:  F3,  left  frontal;  F4,  right  frontal;  C3,  left  central;  C4.  right 
central;  P3.  left  parietal;  P4,  right  parietal;  01,  left  occipital;  and  02,  right 
occipital.  Standard  deviations,  which  differed  only  slightly  between  electrode 
placements,  are  indicated  at  the  right  of  each  graph.  Although  there  are  prominent  EEG 
differences  between  the  uncontrolled  tasks  of  Experiment  1,  EEG  differences  between  the 
relatively  controlled  tasks  of  Experiment  2  are  lacking.  Each  of  the  controlled  tasks 
is,  however,  associated  with  a  remarkably  similar  bilateral  reduction  in  alpha  and  beta 
spectral  Intensity  over  occipital,  parietal,  and  central  regions  [3], 
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Figure  2.  Spat Iotemporal  brain  potential  differences  between  two  split-second  tasks,  one 
requiring  a  spatial  judgment  and  the  other  a  numeric  Judgment,  are  shown  In  each  of  six 
intervals  from  Just  before  the  stimulus  to  Just  before  the  response.  A  pressure  of  the 
right  Index  finger  was  required  in  both  cases.  The  most  significantly  differing 
electrodes,  their  significance  level,  and  the  most  prominent  correlations  with  other 
electrodes  are  shown.  A  solid  llna  between  two  electrodes  indicates  that  the 
correlation  between  the  electrodes  was  higher  in  the  spatial  task,  while  a  dotted  line 
indicates  higher  numeric  task  cor  re 1  at  Ions .  Note  the  contrasts  between  the  spatial  and 
numeric  tasks  in  the  prestimulus  interval,  a  finding  that  might  be  interpreted  as 
evidence  of  a  "preparatory  set.”  Also,  the  lack  of  contrast  in  the  preresponse  Interval 
may  be  Interpreted  as  the  completion  of  task-specific  perceptual  processing  151. 
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Figura  3.  Spat iotempora I  brain  potential  differences  be  tween  two  split-second  spatial 
tasks  in  each  of  four  Intervals  from  just  before  the  stimulus  to  just  before  the 
response.  The  "Move”  task  required  a  pressure  of  the  right  index  finger,  while  the  "No- 
Move”  task  required  withholding  the  response.  The  size  of  the  circle  in  each  interval  is 
proportional  to  the  significance  of  between-task  differences  at  the  most  significant 
electrode  in  that  interval  (i.e..  Fz<.01,  Pz<. 001,  P4<. 00005,  C3<. 000005).  A  solid  line 
between  two  electrodes  indicates  that  the  cor rel at i on  was  higher  in  the  "Move”  task, 
while  a  dotted  line  indicates  higher  "No-Move”  task  correlations.  The  midline  frontal 
(F2)  electrode  rocus  in  the  preetimulus  interval  suggests  a  differential  preparatory 
set;  the  midline  parietal  (P2)  focus  in  the  interval  centered  on  the  N1  and  P2  evoked 
potential  peaks  suggests  task-specific  feature  extraction  and  pattern  recognition;  the 
right  parietal  (P4)  focus  in  the  interval  centered  on  the  P3a  evoked  potential  peak 
suggests  differential  spatial  judgments  between  the  "Move"  and  the  "No-Move"  tasks, 
•  while  the  left-centered  (C3)  focus  in  the  preresponse  interval  is  suggestive  of 

preparation  of  the  right  index  finger  response  in  the  "Move"  task  [6,7]. 


Third  and  Fourth  Generations 

The  third  generation  was  improved  to  operate  on  up  to  64  channels  recorded  during  a 
controlled  sequence  of  stimuli  in  which  a  person  prepared  for,  and  executed,  perceptual 
judgment  and  motor  response  tasks,  and  received  performance  feodback.  The  fourth  and 
latost  version  of  NCP  Analysis  and  the  ADIEEG-IV  system  includes  many  significant 
operational  improvements  (Figure  4)  [23].  It  has  a  greatly  expanded  capacity  and  its 
operation  is  automated  by  an  At  expert  system.  It  Is  designed  fcr  up  to  256  channels, 
and  is  implemented  on  a  32-bit  multiprocessor  system  which  currently  has  3  computing 
nodes,  a  6-MFLOP  floating  point  capability  and  a  3500  megabyte  on-line  disk  capacity. 
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ADtEEQ  (V  NEUROCOONITIVE 
PATTERN  RECOGNITION  8YSTEM 

HE  CORO  DATA 


AO  EEG-IV  system  for  quantification  of  event-related  brain  signals 
subsystems  perform  on-line  experimental  control  and  data  col  lect  ion?  data 
a. lection  and  evaluation,  signal  process ing  and  pat  tern  recogn 1 1 i on .  Current  capacity 
,  channels.  Spherical  head  spatial  deblurrlno  modules  have  been  implemented  and 
™  S0Urca  ,nod®li"?  *!°orithms  are  being  developed.  Digital  tapes  T mtgAettc 

nto  the  AniFFr^.^r0  8  «c t r ophys i o I og i ca I  data  from  other  laboratories  are  converted 
nr*  ADIEEG  data  format  using  gateway  programs;  they  are  then  processed  using  the 
.ame  program  modules  as  data  collected  In  the  EEG  Systems  Laboratory.  0 


Tne  data  acquisition  system  is  capable  of  sampling  up  to  256  channels  at  up  to  2  kHv 
samp  Ing  rates  per  channel.  (Current  amplir Icat ion  capabi I itiea  ate  28  channel.  ? 
Trial  presentation  Is  automatically  delayed  until  eye  blinks  amp  ?fi2i 

*"d  «ross  body  movements  hive  a  1 1  d  I  ed*down?**Up  tt?6<  chinnllJ"  Ieg 
non-EEG  channels  are  monitored  at  a  time  on  a  color  graphics  screen  tor  elected, 
problems.  other  channels  are  bank-swl tchable  to  the  monitor .Channels  that  at!  not 

such*"!^  tha2nl?8n  *r?  noJ]etb*l®**  Automatically  monitored  to  detect  serious  problems 
such  as  charnels  going  dead  or  saturating.  Additionally,  other  artifacts  such  ,,  I,, 
ttltrtf  L.??d  muscl®  contamination  are  automatically  marked  by  on-line  patter^ 

d^ttn  Pr°°T*  (F;0Uf8  5)  1241  ■  Th*8®  Program,  use  l  combination  of  t?M 

domain  end  frequency  domain  features  for  classification  by  multiple  3-layered  neural 

regTs  ter  ed*arti  tacts*8*  1  f ' ers '  **«r»°®8  -n  also  be  vie^d  on-!?^  to^cTtor  ".'ZV- 
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CLASSIFIER-DIRECTED  ARTIFACT  DETECTION 


Flour*  S.  Classifier-directed  artifact  rejection.  A  system  consisting  of  five  parallel 
detectors  Is  used  to  find  contaminants.  Three  of  the  detectors  incorporate  layered- 
network  classifiers  to  choose  and  weight  feature  combinations.  In  this  way.  a  precise 
automated  procedure  replaces  sole  reliance  on  ad  hoc  waveform  detectors  and  manually  set 
thresholds. 


Off-line,  an  Interactive  graphics  trial  editing  program  Is  used  by  an  operator  to 
check  the  decisions  of  the  automatic  on-line  classifiers.  In  practice,  editors  have 
become  sufficiently  skilled  to  check  the  single  trials  of  an  experiment  In  roughly  the 
time  that  it  takes  to  run  ths  experiment.  (This  represents  a  speed-up  of  10-15  times 
over  previous  manual  procedures.)  Algorithms  are  under  development  to  recover  trials 
with  non-saturating  artifact*.  Eye  blinks  or  eye  movements,  for  example,  can  be  removed 
using  least  squares  noise  cancellation  given  ECi  reference  electrooes  near  the  eyes. 

The  system  then  automatically  calculates  the  optimum  (largest)  subset  of  trials  that 
behavioral ly  balance  for  a  requested  set  of  variables  on  each  spilt  of  the  data  required 
to  test  an  experimental  hypothesis  (e.g.,  between  low  and  high  accuracy  trials).  This 
I*  followed  by  a  manual  check  of  the  spilt  distributions,  along  with  corrections  In 
exceptional  cases.  This  is  speeded  u|3  by  a  convenient,  window-oriented  user  interface. 

A  Laplacfan  spatial  transformation  can  be  applied  using  precise  measurements  of 
electrode  position  to  remove  the  effect  of  choice  of  reference  channel  and  reduce 
spatial  blur  (2b.  26).  Add  1  1 1  ona  r  1  >■  .  a  pathway  has  been  built  for  detailed  structural 
Information  via  reconstruct ior  >f  actual  scalp,  skull,  and  brain  geometries  using  MRI 
(Figure  6).  This  nformirion  used  to  deblur  average  event-related  potential 
waveforms  to  est  im  ted  current!.  leaving  the  brain  (actually,  a  smooth  hypothetical 
surface  surrounding  me  brain) 


Figure  6.  Magnetic  Resonance  Image  of  mid-sagittal  section  of  subject's  cranium  with 
EEG  electrodes  mathematically  supor imposed . 


The  resulting  sets  of  purified  and  selected  EEG  (or  MEG.  for  imported  data)  trials 
are  then  entered  into  one  of  a  number  of  possible  single-trial  or  average  event-related 
potential  analyses.  Averaging,  filtering,  time-varying  spectral  analysis,  modeling,  ERC 
measures,  and  multivariate  pattern  recognition  are  all  supported  under  this  system. 
Finally,  two-  and  three-dimensional  perspective  plots  are  available  to  view  the  results 
of  these  analyses. 

Each  off-line  stop  of  the  analysis  is  requested  by  the  user  without  having  to 
maintain  knowledge  of  file  names  or  directory  locations.  This  is  done  by  maintaining  a 
fast  associative  memory  of  file  locations  indexed  bv  fields  of  variables  relevant  to 
experimental  analysis  (e.g.,  experiment,  person,  session,  condition)  .  A  backward- 
chained  reasoning  system  generates  a  tree  of  requests  to  the  associative  memory  given  a 
type  of  requested  analysis.  Because  of  these  featureu,  the  user  also  does  not  need  to 
consider  whether  a  particular  analysis  result  has  been  computed  or  not.  If  It  has,  the 
user  is  presented  with  the  result  Immediately.  If  it  has  not  yet  been  computed,  the 
system  traces  antecedents  and  computes  the  result.  If  this  takes  a  significant  amount  of 
time,  the  user  is  informed  that  the  job  has  been  batched. 


COMPUTING  EVENT-RELATED  COVARIANCES  (ERCS)  BETWEEN  CHAkNELS 

A  number  of  steps  are  currently  performed  in  computing  ERCs.  Because  of  the  size  of 
the  single-trial  data  sets  (up  to  500  megabytes  for  each  person),  a  large  on-line  disk 
capacity  in  required.  The  first  pass  reduces  spatial  sme;  ing  and  then  selects 
intervals  and  trials  with  task-related  information  to  enhance  the  s Ignal - to-no i se  ratio 
and  reduce  the  amount  of  data  prior  to  measuring  ERCs.  The  second  pass  measures  ERCs  on 
band-paas-f 1 1 tered.  enhanced  (optional),  averages  from  the  reduced  data  set. 
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The  following  steps  are  required: 

1.  Preparation:  Record  a  sufficient  amount  of  data  using  as  many  electrodes  as 
possible.  Apply  the  Laplacian  operator  to  the  potential  distribution  of  each  non¬ 
peripheral  scalp  electrode  location.  Remove  data  with  artifact  contamination  [ 24 ] . 

2.  Enhance  average  ERPs:  Find  trials  with  consistent  event-related  signals  and 
compute  an  enhanced  average  from  these  trials  [27].  Graph  ERPs.  make  amplitude 
distribution  maps  ("BEAMS”)  at  selected  time  points,  and  compute  Wlgner  Distributions 
[28]. 


3.  Compute  ERCs:  Select  digital  bandpass  filters  and  Intervals  for  measurement  by 
examining  ERPS  and  amplitude  distribution  maps.  Compute  multilag  crosscovariance 
functions  between  all  pairwise  channel  combinations  of  the  enhanced  (optional),  filtered 
and  decimated  averages  in  each  selected  analysis  window.  Use  the  magnitude  of  the 
maximum  crosscovariance  function  and  its  lag  time  as  features  characterizing  the  ERC 
[8,29-31]. 

4.  Estimate  significance  of  ERCa:  Estimating  the  significance  of  ERCs  requires  an 
estimate  of  the  standard  deviation  of  the  "noise"  ERC.  It  is  obtained  as  follows:  (1) 
Random  intervals  In  each  single  trial  of  the  ensemble  are  averaged.  (2)  ERC  analysis  is 
performed  on  a  filtered  and  decimated  version  of  the  resulting  "noise"  averages, 
yielding  a  distribution  of  "noise"  ERCs.  (3)  Multiple  comparisons  are  accounted  for  with 
a  Duncan  procedure. 

5.  Graph:  The  most  significant  ERCs  in  each  interval  are  graphed. 

6.  Compare  ERC  maps  between  conditions:  Test  the  difference  in  means  of  significant 
ERCs  between  conditions  with  an  ANOVA  and  post-hoc  t-tests.  Measure  similarity  between 
multivariate  ERC  maps  with  an  estimate  of  the  correlation  between  them.  Calculate  these 
estimates  using  a  di st r I  but i on- I ndependent  "bootstrap"  Monte  Carlo  procedure  [32],  which 
generates  an  ensemble  of  correlation  values  from  randomly  selected  choices  of  the 
repeated  measures.  This  will  also  yield  a  confidence  interval  for  the  estimates. 


MEASUREMENTS  OF  HIGHER  BRAIN  FUNCTIONS 


Four-Second,  Bimanual,  Visuomotor  Judgment  Task 

The  fourth  generation  NCP  Analysis  has  been  applied  to  data  recorded  from  seven 
right-handed  men  during  preparation  and  execution  of  precise  right-  and  left-hand  finger 
pressures  contingent  upon  a  visually  presented  stimulus  [8,29,30].  Twenty-six  EEG 
channels  were  recorded  from  which  16  current  source  density  (CSD)  Laplacian  derivations 
were  computed.  Oetailed  analyses  were  made  of  a  series  of  187-  or  387-msec-wide 
intervals  throughout  the  four-second  visuomotor  task  from  cued  preparation,  through 
post-st imulus  perceptual  and  cognitive  processing,  response  preparation  and  execution, 
to  the  "updating"  associated  with  feedback  about  performance  accuracy. 

Several  significant  results  were  obtained: 

a.  Evidence  was  found  of  a  hand-specific  "preparatory  set"  in  pre-stimulus  ERC 
patterns  during  the  "late  CNV"  wave.  Different  ERC  patterns  were  found  for  trials  that 
subsequently  had  accurate  or  inaccurate  performance  [33].  These  predictive  patterns 
were  complex  and  time-varying  and  differed  between  hand.  Strong  ERC  patterns  of  the 
left  prefrontal  e I ec t rode  wi  t h  other  electrodes  characterized  subsequently  accurate 
performance  by  either  hand. 

b.  ERC  patterns  for  left-  and  right-tilted  stimuli  were  similar  during  the  interval 
centered  at  62  msec  after  the  numeric  stimulus.  Midline  posterior  parietal  electrode 
ERCs  led  midline  anterior  parietal,  which  led  midline  premotor  electrode  ERCs.  When  the 
direction  of  tilt  of  the  numeric  stimulus  was  opposite  that  of  the  cue,  no  finger 
pressure  was  to  be  made.  These  were  "catch"  trials  that  occurred  at  random, 
approximately  20  percent  of  the  time.  During  an  interval  centered  312  msec  after  the 
numeric  stimulus  on  a  catch  trial,  the  midline  premotor  electrode  lagged  the  left  and 
right  prefrontal  electrodes,  as  well  as  a  midline  parietal  electrode.  This  pattern  may 
be  a  sign  of  motor  inhibition. 

c.  Covariance  patterns  for  movemen t-reg i s ter ed  timeseries  closely  corresponded  to 
prior  functional  neuroanatom  leal  knowledge  (see  [33]).  The  anterior  midline  precentral 
electrode  that  overlies  the  premotor  and  supplementary  motor  cortices  was  the  focus  of 
all  movement-related  ERC  patterns.  The  pattern  for  the  Motor  Potential  clearly 
reflected  the  sharply  focused  current  sources  and  sinks  spanning  the  hand  areas  of  motor 
cor  tex . 

d.  Feedback-registered  ERC  patterns  and  averaged  current  source  density  timeseries 
reflected  different  degrees  of  updating  of  neural  systems  when  a  subject  is  given 
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Information  about  rsaponaa  accuracy.  Foedback  for  accurata  rssponoea  el Ic I  tad  a  larger 
amplitude  "early  P300",  while  feedback  for  inaccurate  responses  elicited  a  larger 
amplitude  In  the  later  P300.  The  ERC  pattern  In  the  Interval  spanning  these  waves  was 
more  complex  for  Inaccurate  trials,  Involving  foci  of  laoglng  ERCs  over  left,  midline 
and  right  dorsolateral  prefrontal  areas. 


High-Load,  Visuomotor  Memory  Task 

Fourth  Generation  NCP  analysis  has  Just  been  applied  to  recordings  with  SI  scalp 
channels  from  S  U.S.  Air  Force  test  pilots  performing  a  battery  of  tasks  during  four  6-8 
hour  experimental  sessions  over  a  4-day  period  [34).  The  results  chowed  that,  while 
neural  systems  responsible  for  perceptual  processes  were  not  affected  by  incipient 
fatigue,  systems  associated  with  preparation,  and  maintaining  working  memory,  and  motor 
inhibition  were  differentially  affected. 


Monkey  Data 

ERC  analysis  was  also  applied  to  recordings  from  intracerebral  electrodes  In  a 
primate  model  [35],  Cynomologus  monkeys  were  trained  to  perform  a  de I ayed-response 
discrimination  task  similar  to  those  used  to  study  the  Contingent  Negative  Variation  In 
humans.  Preliminary  results  suggest  that  Intracerebral  ERCs  merit  further  study,  and 
may  eventually  supplement  the  use  of  unit  recordings  to  characterize  the  temporal 
evolution  of  spatially  distributed  processes  responsible  for  goal-directed  behaviors. 


CONCLUSION 

Our  Neurocogni t Ive  Pattern  (NCP)  Analysis  and  Event-Related  Covariance  (ERC)  Analysis 
should  be  distinguished  from  brain  electrical  activity  maps  [38],  which  are  attractive 
color  displays  of  the  individual  time  points  of  16-20  channels  of  averaged  ERPs  or  EEG 
spectra,  or  the  difference  between  such  measures  and  a  set  of  normative  data.  We  use 
extensive  signal  processing  and  pattern  recognition  algorithms  to  reduce  volume 
conduction  affects  and  to  extract  minute  event-related  signals  from  unrelated  background 
noise  of  the  brain,  compute  be tween-channel  ERC  patterns,  and  display  their  scalp 
distribution  in  3-0  perspective  graphics  of  the  head  and  brain.  Subtle  aspects  of 
neurocogni t I ve  function,  such  as  the  measurement  of  preparatory  sets  that  precede 
accurate  performance,  are  revealed  by  these  ERC  patterns  but  are  not  apparent  on 
topographic  maps  [6,331. 

By  combining  EEG  and  MEG  recordings,  and  using  anatomical  Information  from  MR  I  scans, 
we  hope  to  bo  able  to  computo  plausible  mul t Ipl e-eou I valent-d Ipole,  3-dimensional  source 
configuration  models. 

It  1 8  a  testimony  to  the  ingenuity  of  cognitive  psychologists  and  psychophysiologists 
that  so  much  has  been  learned  about  the  timing  of  neurocogn 1 t I ve  processes  using  very 
modest  recording  equipment  and  analysis  techniques.  It  Is,  therefore,  certain  that 
when  they  are  equipped  with  more  advanced  recording  methods  and  more  powerful  analytic 
tools,  cognitive  psychologists  and  psychophysiologists  will  make  rapid  advances  In 
understanding  human  higher  brain  functions. 
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Discussion 

LANDOLT,  CA:  In  the  picture*  that  you  presented,  how  many  channel*  of  EEC  Information  had  been  treated 
with  the  Laplaeian  "deblurring"  technique? 

CEVINS,  US:  Fifty-one. 

LANDOLT,  CA:  Do  you  see  any  upper  limit  to  the  number  of  scalp  recording  electrodes  beyond  which  more 
electrodes  would  be  superfluous  for  data  collection? 

GEVINS,  US:  The  closest  electrode  spacing  that  1  have  achieved  1*  a  3-mm  spacing,  and  even  then  It  Is 

possible  to  discern  differences  in  the  waveform.  Aa  a  practical  matter,  I  think  that  128  channels  is  a 
good  number  to  strive  for  In  the  next  few  years. 

LANDOLT,  CA:  Do  you  think  that  the  results  that  you  alluded  to  for  the  viauomotor  Judgement  task  would 
change  if  you  went  to  128  channels? 

CEVINS,  US:  You  would  see  more  detail  in  the  field  patterns.  When  one  solves  for  multiple  sources  and 

there  is  independence  between  measurements,  then  nuances  will  appear  in  the  localized  differences,  as 
projected  onto  the  scalp,  that  you  would  not  see  with  fewer  electrodes. 

PRICE,  US:  Could  you  explain  the  occipital  localised  pattern? 

GEVINS,  US:  This  occurred  aa  the  result  of  applying  the  Laplaeian  transformation  to  the  51  EEG 

channels.  This  produced  a  beautifully  oriented  dipole,  having  a  maximum  anterior  to  the  central  sulcus 
and  a  minimum  posterior  to  it.  It  looked  exactly  like  a  MEG  map,  except  that  it  was  rotated  90  degrees. 

KAUFMAN,  US:  If  it  looks  exactly  like  a  MEG  map,  which  can  be  explained  by  an  equivalent  current  dipole, 
then  why  do  you  make  the  statement  that  there  are  no  current  dipoles?  The  current  dipole  is  a  fundamental 
building  block  In  electrophysiology.  Clearly,  the  source  distribution  will  change  over  time.  Yet  you 
talk  about  magnetic,  waves  without  the  current  dipole  as  the  fundamental  building  block. 

GEVINS,  US:  I  must  have  misstated  what  I  meant  to  say.  When  the  patterns  became  so  complicated  that  I 

couldn’t  conceive  of  accounting  for  them  with  a  single  source,  then  I  used  more  than  one  dipole  to  explain 
them. 

OFFENLOCH,  GE:  You  showed  pattern  changes  to  right-handed  finger  movements  on  the  left  side  and  vice 
versa.  Was  the  analysis  done  on  the  basis  of  averaged  multipotentials  or  as  frequency  changes  In  the  EEG? 

CEVINS,  US:  It  was  a  combination  of  both.  The  data  were  time  locked  to  the  onset  of  finger  movement  and 
the  time  window  used  extended  for  approximately  1/6  second  from  the  onset  of  movement.  This  could  be 
called  the  N2  component  of  the  Movement  potential  (according  to  Vai.ghan).  The  time  aeries,  though,  were 
filtered  In  the  theta  band  (approximately  4-7  Hz). 

KRAMER,  US:  Your  preference  seems  to  be  to  discard  eye-movement  contaminative  voltages,  rather  than 
filter  them  out.  There  has  been  much  recent  work  by  John  Stern  and  others  on  the  relationship  between  eye 
movements,  blinks,  etc.,  and  cognition.  If  we  are  Interested  in  studying  the  EEG  or  Its  changes  during 
such  eye  movements,  then  we  will  no  longer  be  able  to  look  at  these  relationships  if  we  discard  the  data. 

GEVINS,  US:  There  la  no  such  thing  aa  cognition  without  eye  movement.  In  designing  an  experiment  to 
examine  changes  In  mental  activity,  the  experimental  design  must  take  into  account  eye  movements,  aa  an  a 
posteriori  tseana  of  checking  the  data.  I  would  rather  not  resort  to  filtering  to  remove  eye-movement 
contaminants  from  the  EEG  because  that  brings  In  subtle  Issues  such  as  the  neural  control  of  eye  movements 
themselves.  It  is  possible  to  produce  an  experiment  having  a  strong  visual-fixation  presentation  of  a 
simple  visual  stimulus  that  subtends  a  very  small  visual  angle  for  a  very  short  time.  Then,  with  proper 
training  of  the  subject,  data  can  be  obtained  In  which  there  are  no  aaccadea  during  the  short  interval  of 
time  when  this  stimulus  la  being  processed  and  a  decision  la  being  made.  Therefore,  through  proper 
experimental  design  and  careful  checking,  It  is  possible  to  select  only  data  in  which  tiiere  are  no 
contaminative  voltages.  Of  course,  if  there  are  sufficient  data,  then  one  can  discard  the  contaminative 
portion. 

WEINSERC,  CA:  What  you  are  saying  In  effect  is  that  there  are  times  when  you  present  a  stimulus  for  which 
you  do  not  get  an  evoked  potential,  or  there  may  be  time*  when  the  response  Is  not  percsivsble  by  any 
systematic  event-related  potential.  Those  are  the  ones  that  you  discard  and  I  agree  that  this  should  be 
done.  However,  does  that  imply  that  the  evoked  potential  does  not  ne.  1  to  occur  preceding  the  response 
output  or  following  stimulus  input?  Does  It  Imply  that  you  can  have  processing  of  information  without  an 
evoked  potential? 

GEVINS,  US:  Tha  brain  has  many  ways  of  producing  the  same  behaviour.  One  explanation  for  the  fact  that 
about  1/3  of  my  experimental  trials  have  no  discernible  event-related  signals  may  be  that  the  subjects  are 
using  a  more  automated  way  of  performing  their  tasks.  For  example,  an  experienced  driver  can  have  his 
attention  and  mind  on  other  matters  and  still  perform  perfectly  well. 

WEINBERG,  CA:  Let  me  word  it  in  a  slightly  different  fora.  You  are  saying  that  there  are  times  when  you 
are  measuring  soma  distribution  of  electrical  activity  in  the  brain  and  that  there  la  nothing  systematic 
which  precedes  an  event  or  en  output,  or  nothing  systematic  which  follows  from  an  Input.  Those  arc  the 
data  that  you  are  discarding.  Ia  there  no  way  to  identify  syotematic  events  which  are  preceding  or 
following  inputs  or  outputs? 

GEVINS,  US:  Some  ‘'things"  are  fairly  hard-wired.  The  earliest  processing  of  an  auditory  stimulus  will  g 
through  certain  brain  stem  nuclei  and  will  produce  very  clear-cut  peaks  if  you  average  several  thousand 
trials.  We  call  that  the  brain  stem  evoked  potential.  Vlaual  feature  extraction  In  areas  17,  18,  and  19 
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of  tne  visual  cortex  are  also  fairly  hard-wired,  although  this  becomes  less  certain  aa  one  leaves  the 
.ITZ  ,  Th'  klndi  °:  b°haVl0Ur  th>t  “e  u8a  •«  experiments,  In  which we  preset  some 

response  -  Tm ‘h  .  ’  ,  S°‘e  “T  °f  Judgenent  “  oedally  fairly  trivial  —  leading  to  some  sort  of 

more  «uto..r!d  v  “«-«-!«•  trivial.  These  types  of  goal-directed  behaviours  become  more  and 

P,or  1  “ey  wleh  to  make  a  MET  recording  to  a  simple  task  consisting  of  the 

presentation  of  a  visual  stimulus  requiring  a  discrimination  leading  to  a  response.  If  I  need  100  trials 
tlLr*"!°r  P““ltlon  for  *  5  to  7  channel  machine,  I  would  have  to  present  the  stimulus  from  500  to  1000 
ln  °  f  words>  ovar  and  ovar  aSa1"-  There  Is  no  way  that  a  human  being  doing  something  this 
cor-ectl  r  “eh11®  °,Ver.  and  over  asain  wl  11  W  ful1  detention  unless  there  is  some  reward  for  responding 

„  e«  v  tJial-  that  Tact  ,1  ’^V’0"8' '  U  be  advantageous  that  there  is  not  an  evoked  response 

in  every  trial,  that  fact  may  be  telling  us  something  important. 


3-1 


Normative  Developmental  Equations  for  the  EEG  and  their  Sensitivity  to 
Neurological  and  Psychiatric  Disorders 


E.R.  John  and  L.S.  Pri.chep,  Brain  Research  Laboratories,  Department  of  Psychiatry 
New  York.  University  Medical  Center,  550  First  Avenue,  New  York,  NY  10016,  USA 

and 

The  Nathan  S.  Kline  Institute  for  Psychiatric  Research,  Orangeburg,  NY  10962,  USA 


Although  the  electroencephalogram  (EEG)  is  altered  by  many  brain  dysfunctions,  its  clinical  utility 
has  been  severely  limited  by  reliance  upon  visual  pattern  recognition  and  subjective  interpretation.  Not 
only  is  the  concordance  poor  between  electroencephclographers  and  the  test-retest  reliability  low,  but 
■any  changes  due  to  more  subtle  dysfunctions  are  simply  not  apparent  by  visual  inspection.  Accordingly, 
there  has  been  increasing  interest  in  developing  methods  for  objective  computer  extraction  of 
quantitative  features  with  diagnostic  utility  from  brain  electrical  activity. 

Our  laboratories  have  been  engaged  in  this  endeavor  since  1973.  Our  goal  has  been  not  only  to 
replace  subjective  judgements  by  objective  quantification,  but  to  extend  the  utility  of 
electrophysiological  examinations  beyond  their  traditional  role  in  the  detection  of  neurological 
disorders  to  the  assessment  of  cognitive  impairments  and  the  evaluation  of  psychiatric  patients.  In  many 
disorders,  similar  behavioral  symptoms  may  be  displayed  for  quite  different  underlying  reasons.  For 
example,  learning  disabilities  may  be  due  to  motivational  or  psychosocial  factors,  or  to  sensory  deficits 
or  brain  dysfunctions.  An  elderly  person  may  display  problems  with  recent  memory  because  of  a  sense  of 
lack  of  purpose  or  because  of  organic  changes  caused  by  Alzheimer's  disease  or  multiple  infarcts. 
Depression  may  be  a  reaction  to  the  disintegration  of  personal  relationships  or  reflect  inbalance  in 
neurotransmitters.  A  victim  of  head  injury  may  report  inability  to  concentrate  because  of  the  desire  to 
receive  compensation  benefits  or  because  or.  significant  brain  damage.  Even  when  behavioral  symptoms  are 
caused  by  brain  dysfunctions,  »:here  may  be  a  variety  of  brain  dysfunctions  capable  of  producing  the  same 
behavioral  outcomes  but  requiring  drastically  different  treatments. 

Our  initial  studies,  supported  by  the  RANN  program  (Research  Applied  to  National  Meeds)  of  the 
National  Science  Foundation,  were  focussed  on  the  problem  of  learning  disabilities  in  children.  As  our 
techniques  evolved,  ve  applied  them  successfully  to  the  assessment  of.  pediatric  neurological  patients,  to 
adult  patients  with  mild  head  injury,  cerebrovascular  disease  including  transient  ischemic  attacks, 
alcoholism,  cognitive  impairment  due  to  senile  dementia,  affective  disorders  and  psychoses.  The  method 
which  we  have  developed  for  these  purposes,  called  '’Neurometries",  is  based  upon  the  computerized 
extraction  of  a  wide  variety  of  objective  indices  of  brain  function  as  reflected  in  electrophysiological 
activity,  the  multivariate  statistical  evaluation  of  these  quantitative  measures,  and  the  display  of 
diagnostically  significant  findings  in  color  coded  topographic  maps  easily  inlerpretable  by  the  clinician 
without  extensive  specialized  training. 


Methodological  Considers ti ons 


Before  presenting  the  clinical  results  which  we  have  obtained  with  these  methods,  several  basic 
methodological  issues  must  be  raised.  Although  this  discussion  may  seem  unnecessarily  detailed  to  some 
of  you,  failure  to  consider  these  problems  considerably  weakens  the  clinical  utility  of  many  of  the 
functional  imaging  devices  which  are  now  becoming  commercially  available. 

Quantitative  analysis  of  electrophysiological  data  yields  a  massive  amount  of  numerical  features. 
Numerous  commercial  devices  now  produce  brilliantly  colored  topographic  maps  of  such  features.  No  matter 
how  objective  these  measurements  may  be  or  how  pretty  the  topographic  maps,  their  clinical  interpretation 
remains  subjective  and  tentative  unless  they  can  be  referred  to  a  normative  data  base  and  statistical 
evaluation.  This  raises  the  difficult  question  of  how  to  define  'normal'.  Because  our  particular 
interest  was  in  cognitive  dysfunctions  and  psychiatric  disorder:?,  the  instruments  used  to  define  our 
normal  subjects  included  a  psychiatric  as  well  as  neurological  examination,  an  extensive  psychometric  and 
neuropsychological  test  battery,  achievement  tests  and  determination  of  lateral  cerebral  dominance. 
Medical  and  psychosocial  histories,  current  and  past  school  and  work  records  were  also  evaluated. 
Subjects  with  significant  abnormal  findings  or  antecedents  which  placed  them  at  risk  were  excluded. 
Additional  exclusion  criteria  included  current  use  of  prescription  drugs,  a  history  of  convulsions,  head 
injury  or  loss  of  consciousness,  or  any  previous  EEG  or  neurological  examination.  Our  normative  data 
base  includes  over  750  subjects  between  6  and  90  years  old,  collected  from  six  sites  using  standardized 
methods. 

Ue  use  the  Z-transform  \.see  Fig.  1)  to  quantify  the  probability  that  any  quantitative  EEG  or  EP 
feature  is  abnormal,  a  me  od  now  adopted  by  most  workers  in  this  field.  The  precision  of  this  estimate 
depends  upon  satisfying  ie  requirement  that  the  distribution  of  the  feature  is  Gaussian  or 
' bell -shaped ' . 


3-: 


‘Z*-  TRANSFORM 


•2  -I  O  I  I 

s.o. 

2  -  SUBJECT  MEAN  VALUE 

VALUE _ OF  SAMPLE 

STANDARD  DEVIATION 
OF  SAMPLE 

H  a*  PROBABILITY  THAT  SUBJECT  VALUE 
LIES  WITHIN'NORMAU  RANGE 


Figure  1:  A  Gaussian  distribution,  M  denotes  the  mean  value  of  the  distribution,  S  the. 
observed  value  in  a  subject.  The  Z-transforraation  expresses  the  distance  between  the 
population  mean  and  the  individual  observed  value  in  S.D.  units,  a  7  score.  The  area 
under  the  curve  that  lies  beyond  the  mean  (+  or  -)  and  the  observed  Z-score  is  equal  to 
the  probability  tha*  the  observed  value  lies  within  the  normal  range. 


ke  routinely  now  extract  ove^  1200  quantitative  features  from  a  60  second  long  sample  of  resting  eyes 
closed  EEG,  collected  using  an  on-line  artifact  rejection  algorithm.  Unless  adequate  on-line  artifact 
rejection  or  skilled  visual  editing  precedes  quantitative  analysis,  data  can  be  seriously  contaminated  by 
a  vide  vaLiety  of  artifacts.  These  features  include  measures  of  absolute  power,  relative  or  %  power, 
coherence  (synchronization)  and  symmetry  in  the  delta,  theta,  alpha  and  beta  frequency  bands  in  the  19 
electrodes  of  the  10/2C  International  Electrode  Placement  System. 

We  found  the  distribution  of  most  of  these  features  in  our  normative  population  tc  be  markedly 
n'-n-Guassian.  Ve  constructed  various  transforms  to  achieve  Gaussianity  for  all  of  them,  many  of  which 
have  s'  nee  been  confirmed  by  other  workers  [1].  Failure  to  make  such  corrections  of  skewed  distribute ons 
results  in  an  asymmetrical  statistical  bias,  with  increased  false  positives  on  one  side  of  the  mean  value 
and  increased  false  negatives  on  the  other  side.  Many  of  these  features  also  show  significant 
correlations  ‘  *.h  age.  Reliance  upon  mean  values  and  standard  deviations  for  such  a  variable  will  yield 
false  positives  rfhich  increase  with  deviation  from  the  center  of  the  age  range,  as  well  mi  false 
negatives  beer jse  of  the  inflated  estimate  of  variance.  Each  of  our  1200  neurometric  EEG  features  has 
therefore  been  described  by  polynomial  age-regression  equations  from  age  6  to  90.  These  equations  have 
recently  been  published  (2]. 

The  issues  thus  far  raised  are  not  merely  puristic  academic  concerns.  Compare  the  data  on  the  left 
side  of  Figure  2,  with  transforms  for  Gaussianity  and  age  dependence,  with  the  data  on  the  right  side, 
without  correction  for  these  biases.  False  positives  occur  at  the  chance  level  and  the  dete<  •:  of 
pathology  is  markedly  increased  when  legitimate  statistical  procedures  are  followed. 


EFFECTS  OF  BIASES  Dll  SEBSIMVITV 
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INCREASED  DIAGNOSTIC  SENSITIVITY  WITK  MULTlVARI4T:  INDICES 


Figure  3s  Univariate  scatter  plot  for  Z-values  of  relative  power  in  alpha  and  beta 
bands  in  I.PO  region  for  normals  (left  panel)  and  psychiatric  patients  (right  panel). 
The  95X  confidence  region  Is  a  circle  if  the  composite  feature  is  computed  as  the 
square  root  of  the  sum  of  the  squared  Z  values,  and  an  ellipse  if  it  i  computed  as  the 
Kahalanobis  distance. 


Clinical  Resul t s 


Figure  4:  Topographic  map  of  relative  (X)  power  in  delta  band  in  a  patient  shortly 
after  infarct  of  right  middle  cerebral  artery.  The  greater  the  percentage  of  delta 
the  brighter  the  map  (note  upper  right  quadrant). 

Figure  4  is  the  topographic  map,  face  upward,  of  relative  (X)  power  in  the  delta  frequency  band  in  a 
patient  who  was  left  hemiplegic  after  thrombosis  of  the  right  middle  cerebral  artery.  Increased  power  in 
the  delta  band,  indicated  by  brighter  colors  in  the  map,  reflects  decreased  regional  cerebral  blood  flow 
(rCBF)  in  the  underlying  brain.  Symptomatic  patients  who  have  suffered  cerebrovascular  accidents  usually 
show  abnormal  rCBF  and  focal  slowing  of  the  EEG  which  Is  well  detected  by  univariate  features  such  as 
relative  power  (X)  in  delta  at  the  corresponding  electrode  placement. 


Table  I 


DETECTION  OF  CEREBRAL  ISCHEMIA 
USING  1 3  JXE  rCBF  AND 
NEUROMETRIC  EVALUATION  OF  THE  EEG 


Group 

n 

rCBF 

Nx 

CS 

11 

82 

91 

PNS 

43 

70 

91 

RIND 

15 

53 

93 

TIA 

25 

38 

8H 

AVERAGE 

61 

91 

( rCBF  -  regional  blood  flow;  Nx  -  neuroaetric  EuG  analysis;  CS  -  completed 
stroke;  PNS  *  persisting  neurological  symptoms;  RIND  -  reversed  ischemic 
neurological  deficit;  TIA  -  transient  ischemic  attack) 


However,  this  is  not  always  the  case,  as  seen  in  Table  I  for  data  obtained  in  collaboration  with  Drs. 
Poortvliet  and  Jonkroan  in  Holland  [4].  In  the  cerebrovascular  patients,  in  Groups  CS  and  PNS,  who 
displayed  persistent  neurological  symptoms,  a  high  proportion  of  abnormal  findings  were  obtained  by 
*5,Xenon  measures  of  rCBF  and  also  by  the  EEG  multivariate  feature  'Overall  All  Frequencies'  which 
quantifies  the  relationships  among  the  power  spectra  observed  in  all  derivations.  In  the  asymptomatic 
patiencs  in  Groups  RIND  and  TIA,  the  detection  of  abnormalities  by  ,J,Xenon  rCBF  was  much  lover. 
However,  the  Mahalanobls  distance  across  all  frequencies  in  all  leads  detected  abnormalities  in  most  of 
these  patients,  although  few  had  foca^  EEG  slowing.  Visual  inspection  of  conventional  EEGs  found 
abnormalities  in  only  57X  of  the  total  set  of  patients.  Thus,  multivariate  neurometric  analysis  may 
provide  a  sensitive  indicator  of  cerebral  ischemia  in  asymptomatic  patients,  which  might  identify 
individuals  at  risk  for  stroke. 

Ve  have  found  that  different  categories  of  psychiatric  patients  display  distinctive  profiles  of 
abnormality  (5,6J.  The  magnitude  of  abnormali ties  in  these  profiles  correlate  well  with  clinical 
severity,  and  can  be  used  as  an  objective  criterion  for  the  evolution  of  dysfunction  or  to  evaluate 
treatment.  Multiple  discriminant  functions  have  been  constructed  and  subjected  to  independent 
replication,  which  accurately  classify  patients  suffering  from  alcoholism,  mild  head  injury,  cognitive 
impairments,  senile  dementia,  and  major  affective  disorders,  and  distinguish  them  from  normals. 
Promising  preliminary  successes  have  been  obtained  with  vascular  dementia  and  schizophrenia  and  are 
awaiting  replication  with  independent  samples.  Multivariate  features  play  an  essential  role  in  most  of 
these  discriminations.  Certain  aspects  of  our  findings  indicate  that  currently  asymptomatic  individuals 
who  have  previously  displayed  symptoms  of  particular  disorders  may  often  be  correctly  classified, 
suggesting  that  some  Neurometric  trait  or  vulnerability  marker  may  exist. 


DISCRIMINANT  CLASSIFICATION  OF  PSYCHIATRIC  DISORDERS 
USING  NEUROMETRIC  QEEG  VARIABLES 


I  INITIAL  DISCRIMINANT  /  □  INDEPENDENT  REPLICATION 


Figure  5:  Discriminant  c1  fixation  of  normal  (I)  and  psychiatric  disorders  (primary 
depression  (II),  alcohol!  dementia  (IV) J.  Initial  discriminant  is  represented 
by  black  bars  and  independent  replication  by  white  bars. 

Figure  5  presents  the  accuracy  of  a  multiple  discriminant  function  classifying  normals,  primary 
depressed,  alcoholic  and  dementia  patients.  Black  bars  show  accuracy  in  the  training  sample  and  white 
bars  show  the  accuracy  of  independent  replication  on  a  new  test  sample.  Overall  mean  accuracy  was  79 X. 


Table  II 


DISCRIMINANT  CLASSIFICATION 
OF  DEPRESSION  SUBTYPES  USING 
NEUROMETRIC  QEEG  VARIABLES 


INITIAL  DISCRIMINANT 
Classification  (%) 


Actual 

Group 

n 

I 

It 

I  Unipolar 
Depression 

(34) 

85 

15 

II  Bipolar 
Depression 

(20) 

15 

85 

INDEPENDENT 

REPLICATION 

Classification  (%) 

Actual 

I 

I 

Group 

I  Unipolar 
Depression 

(34) 

85 

15 

1  Bipolar 
Depression 

(15) 

13 

87 

Patients  with  major  affective  disorders  have  beer,  discriminated  from  normals  with  better  than  90* 
accuracy.  Neurometric  profiles  corresponding  to  depressive  subtypes  can  also  be  identified.  Table  II 
shows  the  accuracy  of  separation  of  unipolar  versus  bipolar  depressed  patients.  Overall  initial  accuracy 
was  85*,  with  independent  replication  at  86*  13). 


CONCLUSION 

Accurate  differential  discrimination  between  psychiatric  disorders  can  be  achieved  if  multivariate 
statistical  analyses  are  performed  on  carefully  constructed  neuroraetric  KEG  features.  Once  the 
discriminating  variables  have  been  identified,  topographic  mapping  of  the  appropriate  univariate  features 
(selected  from  the  large  set  of  mappable  variables)  reveals  patterns  which  are  commonly  encountered 
within  patients  with  the  same  disorder.  However,  such  maps  are  not  unique  and  may  also  be  encountered  in 
patients  with  other  disorders. 

Neurometric  EEG  analysis  and  topographic  mapping,  in  conjunction  with  discriminant  classification 
techniques,  offer  a  powerful  adjunct  to  the  clinical  diagnosis  and  treatment  of  patients  with  a  wide 
variety  of  subtle  brain  dysfunctions.  This  technology  may  help  to  identify  trait  markers  of 
vulnerability  to  certain  disorders  and  may  eventually  permit  early  detection  and  intervention  in 
vulnerable  Individuals.  Since  aerospace  personnel,  like  all  of  us,  are  potentially  susceptible  to  these 
conditions,  r.eurometric  evaluations  may  also  play  a  useful  role  in  assessing  the  suitability  of  such 
personnel  for  particularly  critical  tasks. 
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DISCOS SIQW 


PRICE,  US:  Tha  only  diagnostic  category  in  which  you  included  mild  cases,  or  lets  eay  marginal  cases,  was 
in  dementia,  but  certainly  you  oust  have  had  some  in  the  other  categories  also*  How  did  these  fare  in 
your  multivariate  analysis? 

JOHN,  US:  Dementia  is  the  one  disease  that  is  the  most  elaborately  developed  because  we  have  a  4-hour 
multidisciplinary  assessment  of  those  patients,  which  goes  well  beyond  what  we  have  in  other  categories* 
As  a  rule  of  thumb,  if  you  think  of  the  neurometric  measurement  as  an  n-dimanslonal  space  with  ?  different 
direction  for  each  class  of  measurements ,  then  a  vector  from  the  origin  out  into  this  space  has  an  orien¬ 
tation  which  is  a  specific  disease*  The  longer  the  vector,  the  more  serious  is  the  disease*  So  we  can 
represent  the  patient  as  an  orientation  in  space,  and  the  different  orlentatlona  are  the  vectors  of 
patients  with  different  diseases*  When  you  have  the  ability  to  correlate  the  intensity  of  state  with 
neuromatric  measurements,  then  these  correlations  are  always  positive*  The  more  abnormal  the  neurometric 
measurement,  the  more  severe  is  the  clinical  condition.  For  example,  I've  tracked  patlento  following 
traumatic  head  injury  in  terma  of  both  their  Z-values  and  their  Glasgow  Ccma  Scale  (GCS)  ratings.  (For  a 
GCS  from  0  to  4,  the  prediction  is  that  the  patient  will  probably  die.  From  10  and  up,  the  patient  will 
probably  live,  and  between  5  and  10  the  patient's  prognosis  is  indeterminate.)  Patients  with  a  GCS  of  4 
to  5  may  have  Z's  of  10,  12,  or  14  which  have  a  probability  of  10”^  of  being  in  the  normal  range.  As  you 
track  these  patients,  you  see  no  changes  in  their  GCS  as  the  Z-value  starts  to  go  down.  When  the  Z-value 
Intersects  the  normal  vslue  for  a  given  brain  region  (Z-2.5,  P  level  -  0.01),  then  the  function  that  is 
normally  associated  with  that  particular  brain  region  will  return.  In  other  words,  electrical  changes 
always  precede  clinical  changes.  The  patient  who  is  going  to  recover  may  show  no  clinical  changes  but  the 
electrophysiological  measures  show  a  positive  trend. 

JOHNSON,  GE:  I  have  two  questions  that  relate  to  the  limitations  of  the  technique.  How  well  can  you  dis¬ 
criminate  between  pre-senile  and  senile  dementia?  How  well  can  you  differentiate  between  Alzheimer's 
patients  and  normal  senile  patients? 

JCHu,  US.  We  can  separate  individuals  with  a  Global  Deterioration  Scale  (GDS)  (Alzheimer's  Disease,  B. 
Relsberg,  Free  Press,  Glencoe,  Illinois,  1983)  of  2  (mild  cognitive  impairment)  from  3  and  4  (moderate) 
and  from  5  and  6  (severe).  We  identify  individuals  with  a  GDS  of  2  in  the  range  of  50  to  55  years  as 
having  pre-senile  dementia.  Our  separations  are  on  the  order  of  80%  In  these  three  categories.  The 
Alzheimer's  patient;  frankly,  I  am  not  comfortable  with  that  terminology  because  there  is  a  tendency  to 
label  all  elderly  individuals  with  cognitive  impairments  as  Alzheimer's  patients.  We  have  done  three  dif¬ 
ferent  cluster  analyses  each  on  100  to  120  ostensibly  Alzheimer's  patlentB;  and  In  each  analysis  we  found 
3  major  and  3  minor  clusters  with  different  pathophysiological  profiles,  i.e.,  they  were  not  clustering  on 
the  basis  of  severity  of  disease.  Interestingly,  only  one  of  these  clusters  gives  a  picture  of  diffuse 
cerebral  ischemia;  i.e.,  showing  a  widespread  excess  of  delta  or  theta  activity.  There  is  an  extremely 
intriguing  group  of  patients  which  shows  no  signs  of  cerebral  ischemia  but  demonstrates  some  interesting 
features  when  you  do  a  P300  paradigm  —  an  oddball  paradigm.  Using  the  10-20  International  Electrode 
Placement  System,  you  compute  the  coherence  of  the  event-related  potentials  for  latencies  from  200  to  300 
ms,  determine  the  average  value  (call  this  R)  from  the  left  to  the  right  aide  for  a  homologous  lead,  and 
then  find  the  sum  of  R*  across  all  homologous  pairs  to  estimate  interhemispheric  coherence.  If  you  do 
that,  you  can  separate  normal  patients  from  a  class  of  Alzheimer's  patients  or  a  class  of  demented 
patients  who  have  no  signs  of  cerebral  ischemia.  These  patients  also  have  perfectly  symmetrical  and 
coherent  primary  (shorter-latency)  evoked  potentials.  This  is  quite  a  large  sub-group  of  patients,  who 
other  people  call  Alzheimer's  patients,  who  have  no  signs  of  frontal  hyporaetabolism,  no  signs  of  frontal 
theta  or  delta  activity,  no  indications  of  primary  pathway  transmission  inadequacy  but  the  outflow  of  the 
diffuse  projection  pathways  (perhaps  norepinephrine/serotonin  dependent  pathways)  is  absolutely  not 
functioning  properly.  It's  as  if  the  retrieval  of  the  significance  of  a  symbol  is  different  in  the  two 
hemispheres  In  these  patients.  It's  very  Important  to  do  cluster  analysis  of  these  patterns  and  to  assume 
that  if  you  can  clearly  see  distinct  clusters  of  pathophysiological  variables,  then  you  are  looking  at 
different  dlaeaaea  that  produce  similar  symptoms.  For  example,  we  have  tentatively  defined  a  number  of 
different  patterns  of  neurometric  profiles  for  schizophrenia,  according  to  the  DSN-III  diagnostic  cetagory 
(Standard  Psychiatric  Diagnostic  Manual).  Incidently,  in  our  studies  of  pharmaceutical  Intervention  in 
the  different  subgroups  of  Alzheimer's  patients  or  demented  patients,  it  is  our  impression  that  drugs  like 
the  calcium  channel  blockers  or  the  nootropic  agents  tend  to  affect  members  of  one  cluster  if  they  have 
any  affect  at  all,  and  not  at  all  in  the  other  clusters.  So  an  advantage  of  cluster  analysis  of  these 
clinically  homogeneous  but  pathophysiologically  heterogeneous  populations  may  be  the  fact  that  you  can. 
begin  to  understand  why  it  is  that  some  drugs  help  some  people  with  the  disease  and  not  others  who 
apparently  have,  behavlourally  at  least,  the  same  disease. 

BROOKS,  CA:  Should  *»e  still  be  using  the  EEG  as  a  medical  screen  in  the  initial  selection  of  our  aircrew? 

JOHN,  US:  I  think  the  EEG  and  the  computerized  EEC  look  at  totally  different  aspects  of  brain  function. 
The  EEG  is  superior  to  the  computerized  ESC  in  the  detection  of  paroxysmal  phenomena.  I'm  not  satlsifled 
with  my  spike  detector  because  it  gives  too  many  false  positives.  I  think  visual  inspection  of  the  EEG 
ought  to  be  done,  but  it  is  totally  inadequate  to  identify  subtle  pathological  conditions  of  the  brain. 
To  not  take  the  EEG  data  ami  analyze  it  quantitatively  by  a  computer,  with  proper  artifact  rejection 
capability,  when  it  is  there  for  the  taking  is  a  great  loss  of  valuable  information. 

KRIEBEL,  GE:  I  think  that  the  routine  EEG  is  still  necessary  for  aircrew  selection.  For  example,  during 
the  past  year,  we  detected  abnormal  spike  wave  activity  in  two  young  patients  who  had  never  had  seizures. 
In  one  of  them,  we  detected  a  meningioma  from  the  focal  delta  activity.  We  rely  on  visual  inspection  of 
the  EEG  without  banefit  of  computerized  quantification.  The  few  problems  that  we  encounter  are  well  worth 
the  effort. 

JOHN,  US;  I  am  not  Implying  that  the  conventional  EEC  should  be  abandoned.  I  Just  think  that  it  is  bet¬ 
ter  to  not  even  think  of  the  standard  visual  inspection  of  the  EEG  and  the  computerized  EEG  as  two  varia¬ 
tions  of  the  same  measurements.  All  they  have  in  common  is  that  both  look  at  the  electrical  activity  of 
the  brain.  They  arc  very  different  from  each  other;  and  they  provide  very  different  types  of  information. 
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The  electrical  activity  of  the  brain  was  analysed  using  techniques  to  detect 
the  occurrence  of  non-stationaritiea  associated  with  transitional  states  between 
alert  wakefulness  and  sleep.  Eight  minutes  of  resting  eyes  closed  data  were  used 
in  the  analysis.  A  visual  inspection  was  carried  out  to  classify  the  record  into 
epochs  of  varying  lengths  according  to  the  different  states  of  arousal.  Three  states 
were  defined,  alert  wakefulness,  drowsy  sleep  and  a  transitional  state.  Non¬ 
stationary  data  analysis  techniques  were  used  to  identify  these  changes  automatically. 

The  techniques  used  were  autoregressive  modelling,  in  which  the  prediction  error 
was  used  as  a  criterion  to  detect  change,  and  evolutionary  power  spectrum  analysis, 
where  a  spectral  ratio  was  defined  to  detect  differences  between  short  epochs  of 
the  signal.  In  addition,  the  autocorrelation  function  was  calculated  for  a  limited 
number  of  lags,  and  changes  in  tne  function  with  reference  to  previous  epochs  used 
to  identify  the  onset  of  change. 

These  techniques  were  compared  with  methods  of  analysis  based  on  a  pre-defined 
epoch  length,  to  determine  the  most  efficient  method  of  detecting  changes  associated 
with  the  transition  between  alertness  and  drowsiness. 

A  discriminant  function  was  calculated  for  each  of  the  three  visually  classified 
states  to  define  a  classification  rule,  which  was  then  used  to  allocate  the  segments 
produced  by  each  of  the  automatic  analysis  techniques  to  one  of  the  three  states 
of  alertness.  Finally,  the  performance  of  each  technique  was  assessed  in  terms 
of  its  ability  to  correctly  classify  segments  of  data. 


Introduction 

The  change  from  alertness  to  drowsy  sleep  in  an  eyes  closed  recording  involves 
a  decrease  in  alpha  activity  and  the  appearance  of  theta  waves.  Prior  to  the 
appearance  of  drowsiness,  most  subjects  pass  through  a  transitional  stage,  where 
the  statistical  characteristics  of  the  EEG  show  greater  momen t-to-moment  variability  - 
the  signal  contains  more  non-stationari ties.  These  changes  may  be  abrupt,  with 
distinct  boundaries,  such  as  seen  with  short  duration  alpha  bursts,  or  gradual,  with 
amplitude  and/or  frequency  characteristics  changing  slowly. 

The  purpose  of  this  study  is  to  present  methodology  for  detecting  these  types 
of  non-stationarities ,  in  order  to  identify  the  onset  of  drowsiness.  The  detection 
of  changing  statistical  characteristics  of  the  signal  leads  to  segmentation  of  the 
record  into  stationary  epochs  of  varying  length  (adaptive  segmentation,  (1)).  The 
methodology  is  compaied  with  the  results  of  analyses  based  on  a  fixed  duration  epoch 
in  terms  of  ability  to  classify  segments  according  to  the  state  of  arousal. 

Methodology 

Eight  minutes  of  occipital  EEG  recorded  from  a  healthy  male  subject  resting 
quietly  with  eyes  closed  were  used  in  all  analyses.  The  recording  included  periods 
containing  non-sta tionarities ,  and  also  times  when  the  statistical  characteristics 
of  the  signal  were  relatively  stable. 

In  order  to  provide  a  basis  for  defining  the  required  sensitivity  of  the 
techniques  for  determining  non-stationarities,  three  states  were  defined  by  visual 
.inspection  according  to  the  level  of  arousal.  These  were  alert  wakefulness  (state 
A),  consisting  of  high  amplitude,  continuous  alpha  activity,  a  transitional  state 
(state  B)  where  alpha  activity  was  reduced  with  some  theta  activity  presort,  and 
drowsy  sleep  (state  C)  consisting  of  continuous  theta  activity  (F.ig  1). 

Boundaries  between  these  states  were  placed  by  visual  inspection  (Fig  2). 
Non-ntationary  data  analysis  techniques  were  then  used  to  identify  changes  in  the 
characteristics  of  the  signal,  with  the  computer  analysis  positioning  boundaries, 
indicating  where  possible  changes  in  state  may  have  occurred.  This  resulted  in 
the  EEG  being  split  into  variable  length  epochs. 

The  analysis  techniques  used  were 

1)  evolutionary  power  spectra,  which  expresses  the  local  power-frequency 

distribution  for  a  given  instant  in  time  at  a  specified  time  resolution  (2). 

The  technique  is  used  to  describe  time-varying  signals,  and  can  therefore 

indicate  the  onset  of  change  in  the  EEG  by  computing  a  spectral  ratio  involving 


4-2 


FIG  1 

DEFINITION  OF  STATES 
A  :  alertness,  continuous  alpha  activity 
B  :  transition,  reduced  alpha  mixed  with  theta 
C  :  drowsy  sleep,  continuous  theta  activity 
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a  specific  band  of  frequencies  relating  the  spectral  content  of  the  current 
epoch  with  previous  epochs  of  data.  In  this  study,  a  time  resolution  of  0.5s 
was  required,  resulting  in  2  Hz  resolution  in  the  frequency  domain. 

2)  changes  in  the  autocorrelation  function:  the  three  states  of  alertness 
have  distinctly  different  autocorrelation  functions,  and  therefore  absolute 
differences  in  the  autocorrelations  at  corresponding  lags  for  the  current  epoch 
with  reference  to  previous  epochs  can  be  used  to  determine  onset  of  change  in 
the  signal  (3).  In  this  study,  lags  of  up  to  10  were  used,  based  on  an  analysis 
epoch  of  Is,  and  advancing  at  a  rate  of  0.5s. 

3)  the  prediction  error  based  on  fitted  autoregressive  models:  one-step-ahead 
prediction  errors  from  a  model  fitted  to  Is  of  data  were  estimated  and  summed 
over  short  (125ms)  epochs.  As  the  signal  begins  to  change,  the  fitted  model 
will  no  longer  describe  the  signal  adequately,  resulting  in  structure  appearing 
in  the  residuals.  Identification  of  non-stationari ties  (or  changes  of  state) 
involves  determining  a  threshold  criterion  based  on  the  prediction  error. 
The  summed  residuals  are  a  chi-square  variable,  and  can  be  compared  with  the 
chi-square  distribution  to  determine  the  onset  of  change  (4). 
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CHANGES  BETWEEN  STATES 
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For  each  of  the  techniques,  a  reference  window  was  defined  at  the  start  of  the 
recording,  and  an  advancing  analysis  window  used  to  compare  the  current  epoch  with 
the  reference  epoch  (1).  Comparison  with  the  previous  epoch  was  also  done.  Bach 
time  a  non-stationarity  occurred,  as  determined  by  preset  threshold  criteria,  a  new 
reference  epoch  was  set  up  consisting  of  the  epoch  immediately  following  the  boundary. 
The  process  continued  for  the  duration  of  the  recording. 

In  addition  to  detecting  non-stationarities,  classification  of  segments  according 
to  level  of  arousal  was  required.  A  subset  of  the  data  from  each  of  the  three  states 
was  used  as  a  training  data  set  to  calculate  discriminant  functions  relating  to  each 
state.  The  variable-length  segments  were  then  classified  as  state  A,  B  or  C 
according  to  the  discriminant  functions.  The  proportion  of  time  classified  in 
agreement  with  the  visual  classification  for  each  of  the  analysis  methods  was  then 
calculated,  together  with  an  assessment  of  the  success  of  each  technique  at  detecting 
non-stationarities . 

For  comparative  purposes,  the  recording  was  also  analysed  using  methods  based 
on  epochs  of  fixed  duration.  These  methods  were  fourier  analysis,  zero-crossing 
analysis,  and  Hjorth's  method  (5)  which  measures  activity  (total  power),  mobility 
(mean  frequency)  and  complexity  (wave  shape  in  comparison  with  a  sine  wave).  Each 
of  these  analyses  was  based  on  a  4s  epoch.  As  before,  discriminant  functions  were 
calculated  corresponding  to  each  state,  and  individual  4s  epochs  of  the  eight  minute 
recording  classified  as  state  A,  B  or  C  based  on  the  EEG  measures  derived  from  each 
analysis  method.  The  proportion  of  time  in  each  state  classified  by  each  computer 
technique  based  on  agreement  with  the  visual  classification  was  then  calculated  for 
each  method,  ar.d  the  results  compared  with  the  classifications  from  the  analyses 
using  varying  length  epochs. 

Results 

There  were  marked  differences  in  the  autocorrelation  functions  between  each 
of  the  three  states  (Fig  3).  The  autocorrelation  function  for  state  A  was  typical 
of  sinusoidal  activity  in  which  the  frequency  varies  about  a  peak  (corresponding 
to  the  width  of  the  alpha  peak  in  the  power  spectrum).  The  autocorrelation  function 
was  a  decaying  sinusoid  indicating  a  cyclic  component  of  about  10  Hz.  For  state 

B,  the  autocorrelation  function  indicated  very  low  serial  correlation  in  the  signal, 
with  the  autocorrelation  coefficients  decaying  to  zero  very  rapidly.  State  C  was 
characterized  by  an  autocorrelation  function  decaying  slowly  to  zero  -  greater  than 
60  lags  were  required  to  display  the  cyclic  nature  of  the  data. 

For  state  A,  the  power  spectrum  showed  a  pronounced  alpha  peak,  while  for  state 
B  there  were  maxima  in  both  the  alpha  and  beta  bands  of  approximately  the  same 
amplitude,  as  well  as  marked  low  frequency  components  (Fig  4).  The  spectrum  for 
state  C  was  characterized  by  low  frequency  activity,  with  only  8.9%  of  the  power 
arising  from  activity  greater  than  8  Hz.  The  spectra  for  states  B  and  C  differed 
in  their  content  above  8  Hz,  together  with  lower  theta  activity  for  state  B  than 

C. 


In  the  case  of  autoregressive  models,  the  order  was  chosen  by  increasing  the 
number  of  fitted  parameters  until  the  residual  variance  of  the  model  decreased  to 
a  minimum.  An  order  of  10  was  selected  as  a  compromise  for  all  three  states, 
although  the  residual  variance  continued  to  decrease  by  a  small  amount  until  orders 
as  high  as  16  were  reached  for  states  A  and  C.  Based  on  a  model  of  order  10,  89.4 
and  94.7%  of  the  variance  was  explained  for  states  A  and  C  respectively,  while  for 
state  .8  only  62.3%  was  accounted  for,  and  so  the  model  fitted  considerably  les6  well 
in  this  state. 

In  terms  of  ability  to  detect  the  types  of  non-stat ionari tie3  identified 
visually,  the  method  based  on  evolutionary  power  spectra  was  more  effective  than 
the  analyses  used  in  the  autocorrelation  function  and  prediction  residuals  from  fitted 
autoregressive  models  (Fig  5).  This  applied  to  the  duration  of  the  recording. 
All  methods  were  able  to  detect  changes  between  states  A  and  C,  but  boundaries  with 
state  B  were  difficult  to  detect.  In  order  to  identify  the  required  changes,  the 
threshold  criteria  for  the  methods  based  on  the  autocorrelatic  i  function  and  auto¬ 
regressive  models  had  to  !=•-»  set  at  a  low  level,  resulting  in  over-segmentation. 

However,  following  segmentation  of  the  recording  into  varying  length  epochs, 
computer  classification  into  states  A,  B  and  0  resulted  in  similar  proportions  of 
time  classified  in  agreement  with  the  visual  classification  -  400  ,  41  2  and  414  s 

for  the  480a  long  record  for  evolutionary  power  spectra,  the  autocorrelation  function 
and  autoregressive  models  respectively. 

For  the  analysis  based  on  epochs  of  fixed  duration,  th»  amount  of  time  classified 
in  agreement  with  the  visual  states  was  366  ,  361  and  356  s  for  fourier  analysis, 
Hjorth's  method  and  zero  crossing  analysis  respectively.  These  methods  tended  to 
underestimate  the  proportion  of  time  spent  in  states  A  and  C. 
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FIG  3 

THE  AUTOCORRELATION  FUNCTION 
FOR  EACH  STATE 


FIG  4 

POWER  SPECTRA  FOR  EACH  STATE 


Discussion 


In  terms  of  ability  to  detect  non-stationarities  identified  visually,  the  method 
based  on  evolutionary  power  spectra  was  the  most  effective.  In  the  case  of  other 
methods  studied,  the  threshold  criterion  had  to  be  set  at  a  low  level  to  detect 
changes  of  the  type  identified  visually.  This  may  have  been  because  for  a  short 
duration  epoch,  evolutionary  power  spectra  were  able  to  distinguish  the  high  frequency 
components  superimposed  on  low  frequency  activity  in  the  signals,  which  for  example 
were  characteristic  of  the  difference  between  states  B  and  C.  In  the  case  of  the 
autocorrelation  method,  low  frequency  components  in  the  signal  would  dominate  the 
autocorrelation  function,  and  thus  gradual  changes  between  states  B  and  C  would  be 
more  difficult  to  detect.  In  addition,  the  standard  errors  associated  with  auto¬ 
correlation  functions  based  on  0.5  or  Is  would  be  high  -  this  was  the  lowest 
acceptable  time  resolution  since  some  of  the  non-stationarities  lasted  only  of  the 
order  of  Is.  In  the  case  of  the  prediction  error,  lack  of  fit  of  the  autoregressive 
model  for  state  B  resulted  in  relatively  high  residuals  during  stationary  periods 
leading  to  over-segmentation,  and  reduction  in  sensitivity  of  the  method  for  detecting 
boundaries . 

The  methods  based  on  analysis  epochs  of  varying  length  compared  with  fixed  length 
epochs  gave  a  small  advantage  in  terms  of  proportion  of  time  identified  as  agreeing 
with  the  visual  classification.  The  methods  using  fixed  duration  epochs  tended 
to  underestimate  periods  with  continuous  alpha  (State  A)  and  continuous  theta  (state 
C),  and  this  is  likely  to  have  arisen  because  the  boundaries  between  4s  epochs 
occurred  when  the  characteristics  of  the  EEG  were  changing. 

However,  the  purpose  of  this  study  was  to  detect  non-stationarities  in  the  FEG, 
and  the  ability  of  evolutionary  power  spectra  gives  it  an  advantage  over  fixed  length 
analyses,  though  the  amount  of  time  agreeing  with  the  visual  classification  was  not 
substantially  greater.  The  frequency  of  non-stationarities  can  be  determined, 
together  with  the  lengths  of  the  stationary  periods,  and  these  factors  may  themselves 
be  Important  in  the  early  detection  of  drowsiness. 
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FIG  5 

CHANGES  BETWEEN  STATES 


Computer  detection  based  on  evolutionary  power  spectra 
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In  conclusion,  methods  based  on  analysis  epochs  of  variable  length  are  likely 
to  be  of  importance  where  the  temporal  characteristics  of  the  EEG  within  a  short 
recording  are  of  interest,  for  example,  the  occurrence  of  specific  events  such  as 
alpha  bursts  or  microsleeps.  As  such,  these  methods  may  be  useful  in  the  detection 
of  short  periods  of  drowsiness  in  the  EEG  in  an  eyes  closed  recording  performed  in 
studies  of  irregular  or  extended  periods  of  work,  and  in  measurement  of  sedation 
produced  by  drugs  such  as  hypnotics.  The  occurrence  of  these  types  of  events  may 
also  be  important  in  the  context  of  individuals  performing  vigilance  tasks,  since 
their  presence  may  indicate  the  onset  of  reduced  alertness  and  therefore  increased 
likelihood  of  missing  critical  events. 
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SUMMARY 

Averaging  of  a  sufficier.t  number  of  stijnulus-related  sample  functions  is  a  ccrmonly  applied  method 
for  the  demonstration  of  evoked  activity  in  the  electroencephalogram  (EB3) .  However,  problems  may  arise 
in  the  visual  evaluation  of  averaged  waveforms  when  the  signal -to -noise  ratio  is  low,  such  as  far  instance 
in  certain  cerebral  disease  conditions,  or  when  the  intensity  of  the  stimuli  is  lev  (threshold  studies) . 

In  such  situations  the  question  of  presence  or  not  of  evoked  activity  may  be  of  material  importance.  Even 
experienced  observers  will  find  it  difficult  to  give  a  reliable  answer  if  their  judgement  has  to  depend 
oniy  on  visual  assessment  of  the  averaged  waveforms  obtained.  A  statistical  test  for  the  presence  of  evoked 
activity  may  be  a  guide  to  the  correct  decision  in  such  cases. 

This  paper  presents  a  statistical  procedure  based  on  phase  value  measurements  of  Fourier  tcuponents 
ig  the.  pgst  stimulus  sanple  functions.  TOe  distribution  of  these  phase  values  is  uniform  in  the  interval 
0  -  360  when  the  E’75  03 'pie  functions  contain  no  evoked  activity  (the  null  hypothesis  or  control  situ¬ 
ation) .  on  the  o’.k'U  ,  an  aggregation  of  phase  values  in  a  certain  angular  region  and  hence  a  non- 
uniform  distr Jc’jRjon  u**  to  be  expected  if  evoked  activity  is  present.  A  statistical  procedure  testing  a 
null  hypotv  •'  j  v  <?unption  o.t  uniformity  nay  thus  be  applied  in  the  evaluation  of  presence  /non-presence 

of  stint*  l.  tv  «•  .iled  activity  in  the  critical  situations  mentioned  above.  In  the  present  work  a  test  of  the 
Kolmoqorov-Sml.viiov  type,  Kuiper 1  s  Vn  test,  was  applied  with  satisfactory  results. 


INTRODUCTION 

Stimulus-related  signal  averaging  is  a  ccnmcnly  enployed  method  in  evoked  response  studies.  The 
efficiency  of  the  method,  however,  is  largely  depeixtent  on  the  level  of  noise.  In  unfavourable  test  con¬ 
ditions  the  response  may  be  buried  in  noise  to  such  an  extent  that  identification  becomes  inpossible  when 
based  on  visual  judgement  of  a  stimulus-related  average  alone.  False  negative  as  well  as  false  positive 
conclusions  may  occur. 
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Fig.  1  "False  response".  The  trace  represents  the  average  of  500  epochs  of  equal  length  taken  from 

an  EEG  recording  during  which  no  stimulation  was  performed  ("non-stlmulated  EB3")  .  'Ihe  average 
may  give  a  false  impression  of  stimulus-related  activity.  A  significance  test  on  the  presence 
of  evoked  activity  corresponding  to  the  horlsontal  bar  (FWD)  underneath  the  traoe  was,  however, 
negative. 


An  exanpie  of  the  latter  situation  is  shown  in  Fig .  1 .  The  waveform  represents  an  average  of  500  epochs 
taken  frtm  an  EEG  without  stiumulation  ("non-stlmulated  FEE") .  The  average  is  seen  to  have  a  configura¬ 
tion  giving  the  false  iurpreseion  of  a  latency  time  followed  by  a  sequence  of  waveforms  resembling  evoked 
activity.  The  absoenoe  of  the  latter  was,  however,  guaranteed  in  tills  experiment,  a  fact  that  is  supported 
by  the  significance  statement  underneath  the  trace,  resulting  from  a  statistical  test  procedure.  Signifi¬ 
cance  tests  may  therefore  be  useful  aids  to  the  correct  conclusion  in  evoked  response  experiments. 

Several  statistical  procedures  have  been  suggested  (1,2,3)  .  Ocmion  to  ,iany  of  than  is  the  choice  of  the 
phase  angles  of  the  Fourier  harmonics  in  the  post  stimulus  sample  functions  as  a  suitable  randan  variable, 
the  basic  idea  is  that  if  the  phase  angle  of  a  given  Fourier  harmonic  is  measured  in  each  of  the  post 
stimulus  sanple  functions,  then  this  phase  value  will  be  a  randan  variable  which  is  uniformly  distributed 
in  the  angular  interval  (0  -  360  ) ,  provided  that  the  signal  oontains  no  evoked  activity.  In  our  case 
this  corresponds  to  the  "no  response"  or  control  situation.  Itils  assumption  of  uniformity  in  the  ron- 
stluaulated  H3G  case  may  be  confirmed  experimentally.  An  exanple  is  given  in  Fig.  2.  Denoting  the  randan 
variable  by  0,  the  probability  density  function  of  a  uniformly  distributed  0(0  ,  360°)  is 
f(0)»  1/360.  Ihe  left  part  of  Fig.  2  shews  the  corresponding  cumulative  probability  distribution  (DF) , 
denoted  as  F(0)“  9/360,  a  straight  line  extending  from  origin  to  the  point  (360,1) .  In  our  case  F(6)  is 
the  distribution  specified  by  the  null  hypothesis.  The  right  side  of  Fig.  2  is  a  graph  of  the  sample 
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Fig.  2. 


a)  The  distribution  function  f(©)  of  a  randan  variable  6  which  is  uniformly  distributed  in 
interval  (0,  360).  b)  Sample  DF  F  (9)  resulting  frcm  observing  the  phase  value?  of  one  of  the 
Fourier  harmonics  *n  500  consecutive  epochs  taken  from  a  nonstimulated  EEC. 

F  (9)  is  seen  to  folio/  the  super inpo sod  F{9)  quite  closely. 


distribution  function  obtained  from  observing  the  phase  values  of  one  of  the  Fourier  harmonics  in  500 
epochs  taken  from  a  nonstimulated  EEC.  Ihe  sanple  DF,  F  (9)  is  seen  to  follow  the  straight 
line  of  the  superimposed  F (9)  quite  closely. Contrary  to  this,  when  th§  post  stimulus  EGG  epochs  d  o 
contain  stimulus- related  activity,  then  the  pliase  values  of  one  or  more  of  the  observed  Fourier  harmonics 
would  be  expected  to  show  a  tendency  towards  aggregation  in  some  angular  regions,  with  resulting  deviation 
from  uniformity.  This  situation  is  illustrated  in  Fig.  3,  which  shows  the  sample  DF  F  (9)  constructed  from 
a  sarrple  of  500  phase  values  taken  frcm  an  EEC  during  visual  stimulation.  F  (9)  is  seen  to  deviate  quite 
strongly  frcm  the  uniform  distribution  F (9) specified  by  the  null  hypothesis. 


Fig.  3.  Sanple  DF  F  10)  obtained  from  a  sanple  of  size  500  of  phase  values  belonging  to  a  Fourier 
component  in  the  post  stimulus  epochs  taken  frcm  an  EEC  during  visual  stimulation.  F^(0)  is 
seen  to  deviate  quite  strongly  frcm  F(0)  ,  indicating  nonuniformity  due  to  phase  aggregation 
and  presence  of  evoked  activity. 

)  From  a  statistical  point  of  view  it  thus  follows  that  «.  signif  icance  teat  on  the  presence  of  evoked  activity 

becomes  ore  of  testing  whether  experimentally  obtained  sanple  distributions  of  phase  values  have  a  signi- 
cant  deviation  from  uniformity. 


STATISTICAL  TEST  PROCEDURE 

Concerning  the  choice  of  a  suitable  statistical  procedure ,  however,  there  are  certain  precautions  to 
be  taken .  it  is  important  to  realize  that  the  random  variable  0  observed  in  our  case  represents  direc¬ 
tional  data  which  are  being  measured  relative  to  a  fixed  origin  or  zero  direction.  This 
concept  is  illustrated  in  Fig.  4.  A  given  phase  angle  realization  9.  nay  be  measured  as  the  angle  made  by 
a  unit  vector  with  tike  positive  x-axis  in  the  anti-clockwise  direction.  The  vector  endpoint  on  the  unit 
circle  is  then  given  by  {oooB^,  sine.) ,  and  hence  our  random  variable  may  also  be  represented  as  points  on 
tlie  unit  circle.  Any  point  on  this  circle  nay  bs  accepted  as  ah  origin  for  measuranents .  The  same  is  true 
for  the  choice  of  the  zero  direction,  vhich  may  be  different  from  the  positive  x-axis  selected  in  the 
present  illustration.  Many  statistics  commonly  employed  in  measurements  on  the  line,  such  as  for 
instance  the  sanple  mean  and  standard  deviation,  will  be  dependent  on  the  choice  of  origin  for  the  measure¬ 
ments  ■  Consider,  for  instance,  a  sanple  of  size  2  and  assure  that  the  angles  measured  were  1°  and  359°.  The 
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Fig.  4.  Representation  of  a  phase  angle  realization  0  as  the  angle  made  by  a  unit  vector 
with  the  positive  x-axis  in  the  anti-clockwise  direction,  and  as  a  point 
(cos©^,  sin©^)  on  the  unit  ciccle. 


arithmgtic  mean  would  become  180°.  Intuitively,  however,  we  would  assume  a  mean  direction 
near  0°  in  this  case.  It  thus  follows  that  the  circular,  modulo  360  nature  of  the  data  has 
to  be  accounted  for,  and  fc  the  significance  test  we  need  a  statistic  that  is  invariant 
under  the  choice  of  origin.  The  v  variable  defined  by  Kuiper  jn  1960  (4)  has  the  desired 
property.  The  measurement  of  thisvariable  is  illustrated  in  Fig.  5.  The  step  function  F  (0) 
shown  in  the  figure  represents  the  cumulative  sample  DF  obtained  from  a  sample  of  n  observa¬ 
tions  of  the  random  variable  0.  The  V  variable  is  measured  as  the  sum  of  the  maximum  verti¬ 
cal  deviation  (A)  of  F  (0)  above  +  th§  maximum  deviation  (B)  below  the  continuous  distri¬ 
bution  F(9)  specified  Dy  the  null  hypothesis. 


Fig.  5.  The  V  value:  V  =  A  +  B,  i.e.,  the  sum  of  the  maximum  vertical  deviation  of  a 

sampl£  distribution  function  F  (0)  above  and  below  a  hypothetical  distribution 
F (0)  specified  by  the  null  hypothesis.  Vn  does  not  depend  on  F(0),  and  is 
also  independent  on  the  choice  of  originnfor  the  random  variable  8. 


A  high  V  obviously  indicates  a  large  deviation  from  F(0),  and  would  thus,  in  our  case, 
lead  to  the  rejection  of  the  null  hypothesis  and  the  conclusion  "response  activity  pre¬ 
sent".  As  shown  by  Kuiper,  the  statistic  has  two  important  properties: 

a)  The  value  does  not  depend  on  the  choice  of  origin  for  the  measurements. 

b)  The  distribution  of  V^,  on  the  null  hypothesis,  is  independent  of  F(0) . 

The  di str lbutuion  of  V  on  the  null  hypothesis  is  known,  and  tables  have  been  made, 
giving  the  percentage  Points  or  « values.  However,  the  use  of  extensive  tables  may  be 
avoided  if  the  V  value  is  modified  according  to  the  following  formula  suggested  by 
Stephens  in  1970n{5): 

T  -  Vn(Vn  +  0.156  ♦  0 . 24//n)  (I) 

Then,  for  a  given  value  of  T  =  Z  the  significance  level  or  P(T>Z)  in  the  upper  tail  of 
the  distribution  may  be  approximated  by  the  formula 
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<*  »  P (T>Z) 


(8Z2  -  2 ) exp ( -2Z2 ) 


(II) 


Fo.t  samples  of  sxze  n>8  the  approximation  error  is  negligibly  small,  as  shown  by  Stephens. 
In  the  present  investigation  Kuiper's  V  statistic  was  therefore  found  suitable  for  the 
problem  at  hand,  i.e.,  testing  the  nullnhypothesis  that  a  sample  of  size  n  comes  from  a 
population  with  a  given  distribution  F(0).  Stephens  formulas  (Eg. (I)  and  {II))  were  used 
for  the  estimation  of  the  significance  level* 

The  experimental  situation  may  be  described  as  follows,  A  senpory  system  is  stimu¬ 
lated  n  times  during  simultaneous  recording  of  neuroelectric  activity.  On  each  of  the 
post  stimulus  sample  functions  a  Fourier  transform  (FFT)  is  performed,  and  the  phase 
values  of  the  10  first  harmonics  are  observed,  separately.  The  reason  for  limiting  the 
phase  measurements  to  only  the  first  10  is  that  higher  harmonics  are  supposed  to  contri¬ 
bute  little  to  the  signal,  representing  noise  rather  chan  evoked  activity  In  the  transform 
length-,  applied  in  this  investigation.  At  the  und  o.\  th«s  experiment  each  of  the  observed 
harmon  cs  will  be  represented  by  a  phase  value  sau.jle  o*-  size  n.  The  null  hypothesis  is 
as  follows. 

H^i  The  10  observed  pha.se  variables  are  uniformly  distributed  in  the  interval  (0f,,60) 

(no  response,  or  control  situation) . 

The  alternative  hyoothesis  is, 

H. :  At  least  cue  of  the  phase  variables  has  a  nonuniform  distribution  (response  present) . 


For  a  given  harmonic,  if  the  observed  phase  values  (0) 
of  magnitude  ...  <©n,  ther  the  sample  DF  may  be 

corresponding  Vn  vulue  may  be  computed  as 

*.’n  =  sup(i/n  -  Fff^)/  -  inf((i-1)/n  -  F{9^)), 

In  our  case  a  total  of  10  '*  values  will  be  available, 
these  by  vmax>  the  correspond ng  maximum  7  value  may  he 

TmAV  -  V  ( Vn  +  0.155  +  0 . 24/Vn  ), 
max  -  ma x 

from  which  the  probability 

P(T>T  )  =  <8T2  -  2)  exp  (-2T2  ) 

—  max  max  max 

may  be  found,  using  Eq.  II).  With  reference  to  the  formulation  of  ,  the  significance 
level  of  the  experiment  may  be  expressed  as 

CX  =  P("at  least  1  of  10  T -values  >T  ") 

—  max 

An  C y.  value  below  a  certain  limit  would  lead  to  the  rejection  of  H_  and  thus  to  the 
acceptance  of  wxth  the  conclusion  “response  present".  The  estimation  of  the  CX  level, 
however,  needs  some  further  elaboration.  Let  A.  (j  -  1,2...  10)  denote  the  event  that 
Vmax  “nd  hence  Tmft  was  found  for  the  j-th  among  the  10  observed  phase  variables.  Then  O 
mayXbe  expressedmu&  the  probability  of  a  union  of  events  A..  ,  i.e., 

CX  =  P(A1UA2UA3. . .UA1q) 


are  arranged  in  ascev-  ■  ..i  order 
expressed  as  Fr(0^)  -  /n,  and  the 

i  *  1  , 2  ....  n 

Denoting  the  largest  of 
found  from  Eq.(I)  as 


in  which  S^TPiA^),  S2  =  £p  (A  •  AR)  ,  S3  =  £  P  (A  .  \Am)  _ _  ,  for  j<k<m  ...  <10. 

If  statistical  independence  could  be  assumed  between  thr-  10  observed  phase  variables 
then  the  events  A.,  A2  ...  A1Q  In  Eq.(III)  above  would  be  independent.  In  this  case  the 
expression  for  the  significance  level  CK  would  reduce  to 


CK  =  1  -  P(all  T-values<T 

mav 

■  1  '  (P(T<Tmax>>10 

=  1  -  (1  -  P(T>Tmax) ) 10  (IV) 

Zero  correlation  is  a  nece  sary  (but  not  sufficient)  condition  for  statistical  indepen¬ 
dence.  A  test  performed  on  the  samples  of  phase  variables  during  the  non-stimulated  EEG 
condition  suggested  a  low  degree  of  correlation  between  neighbouring  har¬ 
monics.  Apparently  this  contradicts  the  use  of  1  j.(IV)  for  estimating  the  O.  level.  An 
alternative  is  then  to  uco  a  Bonferroni  Inequality  for  estimating  an  upper  CX -bound , 
CX'  -  S  .j  in  Eq .  (Ill)  above,  i.e., 

©<'  «  P  ( A 1 )  ♦  P  ( A  2 )  *  ...  p(A10)  *  S1 
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which  reduces  to 

& '  =  10.P(T>Tmax) ,  (V) 

since,  on  the  null  hypothesis,  P[A.)=P(T>T  )  for  all  j-1,2,  ..  10  in  our  case. 

Considering  the  expression  for  the-^true  Q<,  value  in  Eq.(III),  the  upper  0< -bound  C<  ' 
is  seen  to  be  derived  by  dropping  all  terms  except  S^.  Then  Oi  <(X *  is  guaranteed,  and 
the  following  Bonferroni  inequality  exists, 

oO  -  s2  <  oC  <  a<  1  , 

from  which  follows  , 

-S2  <(*-#'  <0, 


and  hence. 


|<*-  <*  'I  <  S2. 


The  last  inequality  thus  states  that  C< '  approximates  OC  with  an 
approximation)  which  has  the  same  sign  as  the  first  omitted  term 
absolute  value. 

In  the  present  investigation  C* '  in  Eq.(V)  was  U3ed  as  the 
be  noted,  however,  that  the  difference  between  (X  in  Eq.(iv)  and 
a  wide  range  of  X'  values. 


error  (true  value  m’.nus 
( S2 )  ,  and  is  smaller  in 

upper  OC -bound.  It  should 
JX  *  is  rather  small  over 


SIGNAL  RECORDING  AND  COMPUTING 

Employing  these  statistical  principles  the  evoked  response  detection  program  was 
implemented  on  a  PDP  11 /CO  computer,  using  a  high  level  language  (FORTRAN  IV).  The  neuro¬ 
electric  signals  were  band-pas;;  filtered  and  sampled  at  a  rate  well  above  the  Nyquist 
frequency.  Using  a  floating  point  ulgoritm,  FFT  was  performed  in  each  post  stimulus  sample 
function,  on  a  section  of  fixed  length  and  placement  relative  to  the  stimulus  instant. 
Prior  to  each  FFT  these  "Fourier  windows"  (FWD)  were  transformed  to  zero  DC  level  and 
multiplied  with  a  cosine  bell  (banning  window)  to  reduce  the  effect  of  spectral  leakage. 
The  phase  values  for  each  of  the  10  first  harmonics  were  stored  in  separate  arrays  of 
length  n  (^number  of  stimuli  delivered) .  The  total  storage  requirement  for  the  phase 
variables  was  thus  n  x  10,  Due  to  restrictions  in  computer  storage  and  addressing  facili- 
t-.as,  i maximum  number  of  stimuli  that  could  be  processed  by  the  computer  program  was 
300.  Although  sufficient  for  many  evoked  response  experiments,  this  number  is  ratber  small 
for  recording  .lov-vo*-«i  "  brain  stem  responses  (3ER)  ,  a  problem  which  will  be  discussed 
later. At  the  end  of  th.  experiment  (n  stimuli  presented)  the  phase  values  were  arranged 
in  ascending  order  of  magnitude  and  the  V  value  was  computed  for  each  of  the  harmonics 
separately.  The  modified  si.itiutlc  T  nf°r  the  largest  of  the  10  V  values 
and  the  corresponding  probability  P('V>T®_  )  wire  then  computed.  Finally  the  upper-bound 
value  for  the  significance  level  was  found,  using  Eg, (V) 

At  the  end  of  the  experiment  the  analytical  results  were  Dresented,  comprising  a 
plot  of  the  averaged  signal  epochs  with  a  statistical  statement  indicating  the  level  of 
significance,  and  a  plot  of  the  phase  sample  DF  F  (Q)  for  which  the  highest  value  was 

found.  The  plots  of  the  averaged  signal  epochs  were  calibrated  such  that  the  maximum 
peak-to-peak  value  became  of  fixed  length  in  any  case,  irrespective  of  the  numerical  value 
in  the  sampled  waveform. 


RESULTS 

The  efficiency  of  the  detection  program  has  so  far  been  tested  in  visual  (VER)  ard 
auditory  BER  experiments. 

Fig.  6  illustrates  the  results  obtained  when  testing  for  presence  of  VER  in  a  normal 
person,  using  high  intensity  flash  stimuli.  The  upper  trace  represents  the  average  of  bOO 
stimulus-related  sample  functions.,  and  has  the  well-known  configuration  of  an  evoked 
response.  The  horisontal  bar  (FWD)  below  the  trace  indicates  the  post  stimulus  opocMof 
lengl  ■  128  ms)  tested  for  presence  of  evoked  activity  in  this  experiment.  The  Fo  irier 
transform  length  was  64  sample  points,  corresponding  to  a  fundamental  harmonic  frequency 
of  7.8  Hz.  As  indicated  by  the  statement  below  the  averaged  trace,  the  statistical  test 
resulted  in  rejection  of  H«  on  a  high  level  of  significance  ((X  <0.000001)  ,  leading  to 
the  conclusion  "significant  response  activity".  Tha  lowei  part  oT  the  figure  renresents  a 
graph  of  the  phase  sample  distribution  £  unction  F,  (3)  belonging  to  Fourier  harmonic  no.  1, 
for  which  the  highest  V  value  (*0.61)  was  found  ia  this  case.  The  superimposed  DF ,  F(fc), 
is  the  distribution  of  a  continuous  random  variable  which  is  uniform  (0,360).  F  (0)  is 
seen  to  deviate  quite  trongly  from  F(0),  in  accordance  with  the  high  level  of  signifi¬ 
cance  . 

Fig,  7  shows  the  effect  of  reducing  the  nt  ..ulus  intensity  such  that  the  flashes 
became  hardly  visible,  i.e.,  near  threshold.  The  experimental  procedure  was  otherwise  the 
same  as  in  the  former  tsst.  The  averaged  waveform  (upper  trace)  has  noisy  character istics 
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SECTION  FHO:  SIGNIFICANT  RESPONSE  ACTIVITY  (4*0.000001) 


Fig.  6.  VER  experiment.  Visual  stimuli  employed:  FlasheB  of  higli  intensity .The  trace 
in  the  upper  part  of  the  figure  is  the  average  of  500  stimulus-related  sample 
functions  taken  from  the  EEG  of  a  normal  person.  Evoked  activity  is  seen  to 
be  present  in  well-defined  waveforms,  and  the  statistical  statement  below  the 
trace  confirms  this  on  a  very  high  level  of  significance  (CX  <  1 0 — 0 )  .  The  post 
stimulus  epoch  is  128  ms,  and  is  indicated  by  the  horisontol  Ear  (FWD)  below 
the  trace.  Note  the  large  deviation  between  the  sample  DF  Fn(8)  and  the  uni¬ 
form  DF  F  (e)  in  the  lower  Dart  of  the  ficmre. 


FHO 


I0OMS 

SECTION  FHO:  SIGNIFICANT  RESPONSE  ACTIVITY  («CjO.  004931 ) 


Fig.  7.  VER  experiment,  employing  flash  stimuli  of  low  intensity  (hardly  visible). 

Averaged  waveform  in  upper  part  of  the  figure  is  rather  inconclusive,  but 
the  statistical  test  result  indicates  presence  of  evoked  activity  in  the 
epoch  FWD,  with  a  level  of  significance  <5*  <  0.004931.  Note  the  deviation 
between  the  sample  DF  Fn(8)  and  F(8)  (much  less  than  in  Fig.  b) . 
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and  is  rather  inconclusive  as  to  the  presence  or  not  of  evoked  activity.  The  statistical  test,  however, 
indicates  presence  of  response  on  a  rather  high  level  of  significance  (O  <  0.004931,  see  statement 
below  the  trace).  The  highest  V  value  (0.11)  was  found  for  the  phase  sample  of  the  2nd  Fourier  harmonic 
in  this  experiment.  The  sarnie  DF  F  (0)  in  the  lcwer  part  of  the  figure  is  seen  to  deviate  from  tiro 
uniform  F(0),  but  much  less  than  in  She  former  experiment. 

Fig.  8  is  representing  the  results  of  an  experiment  in  which  500  sanple  functions  were  taken  from 
■an  EEG  vicha.it  simultaneous  stimulation  ("non-stimilated  EEG”) .  The  averaged  waveform  is  noisy,  as  expec¬ 
ted,  and  the  statistical  teat  procedure  does  rot  give  any  evidence  for  rejecting  the  null  hypothesis  in 
this  case  (tpper  05  -bound  =  0.438) . 


PHD 
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SECTION  FWD:  NO  SIGNIFICANT  RESPONSE  ACTIVITY  ((X  <0.438  ) 


Fig.  8.  Testing  for  evoked  activity  in  a  ron-stimulated  EEC.  The  statistical  test  resulted  J.n  a  high 
upper  0<  -bound,  leading  to  the  conclusion  "no  significant  response  activity”. 


Figs.  9  and  10  illustrate  the  results  obtained  in  auditory  brain-stem  evoked  response  (BER) 
experiments,  using  400  clicks  of  intensity  80  and  40  dE  above  sensory  level  (Si.) ,  respective) v.  In 
U  both  experiments  the  Fourier  transform  length  was  64  saitple  points,  corresponding  to  a  tine  length  of 

6.4  ms.  The  frequency  of  tl»e  fundamental  hanfonic  was  thus  156.25  Hz. 

In  the  80  dB  experiment  an  evoked  response  is  readily  distinguished  on  visual  inspection  of  the 
averaged  vaveform  (Fig,  .9,  top),  and  the  statistical  test  is  highly  significant  «X  <  0.000001).  The 
maximum  V  value  (0.18)  was  found  for  the  7-th  Fourier  harmonic,  and  the  corresponding  F  (0)  shows  a 
substantial  deviation  from  F(e) .  n 

In  the  40  dB  case  (Fig.  10)  the  upper  CX-bound  was  high  (0.717),  and  henoe  tte  statistical  test 
does  not  give  any  evidence  for  rejecting  the  null  hypothesis.  The  highest  v  value  was  only  0.07  ard 
belonged  to  the  9-th  harmonic.  F  (6)  is  seen  to  follow  F(0)  quite  closely,  nin  accordance  with  che 
nonrejection  of  the  null  hypothesis.  Contrary  to  tie  negative  conslusion,  however,  an  evoked  response 
is  normally  expected  when  clicks  of  intensity  40  dB  SL  are  applied.  No  definite  evoked  activity  can  be 
distinguished  in  the  averaged  waveform  (top  of  figure) ,  but  nevertheless  it  has  to  be  admitted  that  the 
test  method  failed  to  detect  evoked  activity  in  this  case.  Thie  same  result  occurred  when  enploylng  500 
stimuli,  i.e.  the  maximum  number  that  could  be  processed  by  the  computer  system.  The  problem  will  be 
discussed  in  more  details  later. 
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SECTION  FNDs  SIGNIFICANT  RESPONSE  ACTIVITY  («<0. 000001) 


Pig.  9.  BER  experiment.  Auditory  stimuli:  Clicks  80  dB  above  Benaory  level.  The  trace  on  top  of  figure 
ia  the  average  of  400  stimulus-related  sample  functions.  Evoked  activity  is  apparent  on  visual 
evaluation,  and  this  is  further  supported  by  the  statistical  test  which  resulted  in  an  upper 
C*  -bound  of  0.000001.  F  (©)  belongs  to  the  7-th  Fourier  harmonic  and  is  deviating  quite 
strongly  from  F  (9)  .  The  post  stimulus  test  window  (FVB)  is  6.4  ms  and  consists  of  64  sample 
points. 


FWD 
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SECTION  FWD:  NO  SIGNIFICANT  RESPONSE  ACTIVITY  (<*<0.7.17) 


Fig.  10.  BER  experiment.  Click  stimuli,  40  dB  abcve  sensory  level.  Experimental  procedure  otherwise  the 
same  as  in  Fig.  9.  Evoked  activity  is  to  be  expected,  but  is  not  confirmed,  neither  by 
visual  evalit.tlon  of  the  averaged  waveform  (top  of  figure),  no.  by  the  statistical  test  which 
resulted  in  <’  high  upper  <74  -bound  (0.717). 
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DISCUSSION 

A  statistical  method  for  the  detection  of  evoked  neuroelectric  activity  is  to  be  considered  useful 
mainly  in  situations  when  responses  of  low  voltage  are  expected.  Examples  of  the  such  situations  are  the 
studies  dealing  with  tlie  problem  of  estimating  the-  minimum  stiirul.us  strength  just  capable  of  eliciting  a 
distinguishable  response  (threshold  examinations) ,  mo  reaver  disease  conditions  affecting  neuronal  struc¬ 
tures  and  reducing  their  response  capability. 

In  the  present  investigation  Kuiper’s  V  test  on  the  distribution  cf  phase  angles  in  stimulus-related 
sample  functions  appeared  sensitive  in  detecting  near-threshold  visual  evoked  activity.  In  these  cases 
presence  of  evoked  activity  could  be  statistically  assessed  with  a  rather  high  level  of  significance  even 
when  no  response  ecu  Id  be  seen  in  the  stimulus -related  average.  An  explanation  of  this  discrepancy  is 
the  fact  that  the  averaged  response  nay  be  hanpered  by  just  a  few  sairple  functions  01  bad  quality,  i.e., 
containing  high-voltage  artifacts  or  noise  components,  occurring  during  the  recording  procedure.  Such 
events,  however,  are  less  destructive  to  a  nonuni fonn  trend  in  the  phase  sanple  measurements. 

'Ihe  efficiency  of  a  statistical  procedure  is  largely  dependent  on  the  sarrple  size.  'Itds  may  be  a 
plausible  explanation  of  the  failure  in  detecting  BERs  to  medium  or  low  intensity  click  stimuli.  In  the 
latter  experimental  situation  the  brain  stem  responses  are  in  general  of  low  voltage  relative  to  the 
background  activity,  measuring  only  a  few  tenths  of  a  microvolt.  In  conventional  average  evoked  response 
recordings  several  thousand  stimuli  are  ocrrmonly  required  in  order  to  obtain  a  distinguishable  response 
in  such  cases.  The  size  of  the  phase  samples  in  ti*e  present  statistical  analysis  war  equal  to  the  number 
of  stimuli,  n  .  The  maximum  value  of  the  latter  was  500,  due  to  restrictions  in  ccmpu’.iny  facilities 
mentioned  previously.  Ihis  number  is  probably  too  small  for  tho  rtatistical  detection  cf  nonuni formity 
in  the  phase  sanples  during  the  low  signal-to-noise  conditions  dealt  Wjth. 

It  follows  that  an  improvement  of  the  efficiency  of  the  statistical  procedure  could  be  achieved  by 
an  extension  of  the  number  of  stimulus-related  sample  functions.  Another  approach  would  be  the  erployment 
of  artifact  rejection  techniques,  such  as,  for  instance,  template  matching  in  order  to  reduce  the  effect 
of  the  noise  conponent  in  the  sampled  epochs. 

Finally,  a  cement  should  be  made  on  the  criterion  used  for  rejecting  Ue  null  hypothesis  in  this 
investigation.  Referring  to  the  formulation  of  H. ,  HQ  is  rejected  only  if  one  or  morn  of  the  observed 
phase  variables  have  a  nonuni  form  distribution,  intuitively,  however,  one  might  imagine  situations  in 
which  a  certain  number  of  the  observed  phase  variables  may  stiow  a  deviation  from  uniformity  which  is 
moderate,' tut  not  large  enough  to  allow  rejection  of  HQ  with  the  present  formulation  of  fL  .  .Such  situa¬ 
tions  might  indicate  presence  of  evoked  activity,  and  hence  indicate  a  reformulation  of  IL  as  follows: 

H_:  At  least  m  (=1,2...  10)  of  the  observed  phase  variables  have  a  ronuniform  distribution.  This  formu¬ 
lation,  hewever,  has  effect  on  the  estimation  of  the  significance  level  and  needs  furtl*er  elaboration 
fretn  a  mathematical-statistical  point  of  view. 


CCNCLUSICN 

Kuiper's  statistical  V  test  on  the  distribution  of  phase  angles  of  the  Fourier  harmonics  in  post 
stimulus  sanple  functions  appears  tx>  be  rather  sensitive  for  the  detection  of  evoked  activity.  Satisfactory 
results  were  obtained  in  using  the  procedure  for  the  detection  of  near-tiueshoid  visual  stimuli,  but  failed 
in  detecting  brain  stem  responses  when  medium  or  low  intensity  clicks  were  used.  A  most  probable  reason 
for  the  failure  is  the  relatively  lew  number  of  stimuli  applied  in  the  'experiments.  The  impression  is 
that  the  efficiency  of  the  statistical  test  could  be  improved  by  increasing  the  number  of  stimulus-related 
sample  functions,  a  possibility  that  is  readily  achievable  in  modem  computers  with  large  storage  ard 
addressing  capabilities.  The  results  of  the  investigation  therefore  indicate  that-  the  statistical  approach 
may  be  useful  in  diagnostic  situations  where  presence/' t lonpresei of  evoked  activity  is  a  qtx scion  of 
material  iirportance. 
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SUfHARY 

We  describe  an  evoked  potential  technique  for  Identifying  the  nonlinear  characteristics  of  specialized 
sensory  neural  mechanisms  In  the  human  brain.  For  example,  subjects  viewed  a  grating  pattern  modulated  at 
Fj  Hz  superimposed  on  a  second  grating  modulated  at  F2  Hz.  The  VEP  consisted  of  about  20  discrete 
frequency  components,  each  of  less  than  0.004  Hz  bandwidth.  Most  would  be  destroyed  by  conventional 
averaging,  but  could  be  measured  by  a  zoom-FFT  technique  that  gives  25,000  resolvable  bins  over  DC-100  Hz. 
We  have  developed  a  mathematical  treatment  such  that  the  pattern  of  behavior  among  these  VEP  comoonents 
“fingerprints"  the  nonlinear  processing.  We  report  orientation  tuning  bandwldths  ( 20  deg)  and  *.h«.  spatial 
frequency  tuning  of  a  phase-independent  visual  mechanism;  strong  Interactions  between  responses  to 
orthogonal  orientations;  and  a  possible  EP  means  of  Investigating  the  auditory  hair  cell  transducer 
characteristic. 


It  has  been  clearly  established  by  microelectrode  recording  that  the  visual  and  auditory  pathways  In 
primates  contain  many  neurons  with  specialized  properties  that  respond  asynmetrlcally,  for  example  to 
Increase  versus  decrease  of  light  Intensity,  Increase  versus  decrease  of  pattern  contrast,  leftward  versus 
rightward  motion,  receding  versus  approaching  motion  In  depth,  or  auditory  FM  versus  AM.  Human  equivalents 
of  such  neurons  are  presumably  Important  for  the  special  sensitivities  of  the  human  sensory  pathways,  e.g. 
those  to  contrast,  motion  and  auditory  pitch.  We  describe  an  EP  technique  for  Investigating  the  properties 
of  such  specialized  naurons  by  measuring  the  nonlinear  Interactions  between  two  simultaneously-presented 
stimuli . 

The  basic  rationale  can  be  understood  In  terms  of  the  following  Illustration:  We  know  that  primate 
visual  cortex  contain:  neurons  that  respond  to  bars  or  gratings,  and  that  many  of  these  neurons  prefer  bars 
or  gratings  of  a  particular  orientation.  Suppose,  for  the  sake  of  argument,  that  such  an  "orientation- 
tuned"  neuron  lesponds  over  a  range  of  orientations  on  either  side  of  the  preferred  orientation,  and  that 
the  response  falls  to  half-maximum  when  the  bar  or  grating  orientation  departs  by  more  than  10  deg  from  the 
preferred  orientation.  First  we  stimulate  this  neuron  with  a  single  grating  to  find  the  preferred 
orientation.  Then  we  superimpose  on  the  first  grating  a  second  stimulating  grating  with  a  different 
orientation,  'ihe  crucial  point  Is  that  a  nonlinear  Interaction  between  the  two  grating  responses  can  only 
occur  If  the  neu ron  “sees"  both  grat1ngs~at  once',  fiTaOier  wo rit  If  they~are  both  within  Its  orlentaTTorT 
tuning  baiifrldtTT. 

If  we  can  measure  such  a  nonlinear  Interaction  we  can,  In  principle,  measure  the  20  deg  orientation- 
tuning  “bandwidth"  of  the  neuron.  This  paper  describes  how  that  measurement  can  be  made,  and  Indicates  the 
wider  applicability  of  the  technique  to  Investigating  the  orientation  and  spatial  frequency  selectlvitles 
of  cortical  cells,  to  the  exploration  of  auditory  mechanisms  and  to  the  study  of  cutaneous  receptive  fields 
of  somatosensory  mechanisms. 


EXPERIMENT  1:  EVIDENCE  THAT  THE  HUMAN  VISUAL  PATHWAY  CONTAINS  SPATIAL  FREQUENCY  ANALYZERS  THAT  ARE 
INDEPENDENT  OF  SPATIAL  PHASE 

Introduction 


During  the  last  18  years  a  major  theme  In  vision  research  has  been  the  Idea  that,  although  at  the 
first  stage  of  retinal  Image  analysis  the  photoreceptors  sample  on  a  polnt-by-polnt  basis,  at  a  later  stuge 
In  the  visual  pathway  the  spatial  aspects  of  the  image  are  re-analyzed  In  terms  of  spatial  frequency  and 
orientation  Cl ,2,3,43.  In  a  recent  version  of  the  hypothosls,  every  small  patch  of  the  retinal  Image  Is 
ana'yzed  Into  a  few  (3-6)  spatial  frequency  bands  [5,6]  and  Into  about  4-3  bands  of  orientation  [7J.  At  a 
functional  level  of  descrlotlon  the  hypothetical  spatial  frequency  and  orientation-selective  analyzers  are 
called  "spatial  frequency  channels".  The  physiological  basis  of  these  functional  suounlts  Is  widely 
assumed  to  be  the  spatial  frequency  selectivity  and  orientational  selectivity  that  are  well  known 
characteristics  of  many  cortical  neurons  [8]. 

In  Experiments  1-3  we  report  an  attempt  to  isolate  and  study  the  neural  mechanisms  tuned  to 
orientation  and  spatial  frequency  that  not  only  analyze  tne  spatial  aspects  of  the  retinal  Image,  but  also 
subsarve  the  spatial  discriminations  such  as  orientation  discrimination  and  spatial  frequency 
discrimination  that  are  Involved  in  recognizing  objects. 

Methods 


We  superimposed  two  vertical  sinewavn  -ratings,  each  of  5  cycl»s/deg  spatial  frequency  on  the  face  of 
a  Joyce  CRT  of  mean  luminance  264  cd tw-  with  a  white  F4  phosphor.  Tha  fixed  grating's  contrast  was  20%, 
and  It  was  counterphase-modulated  by  an  Fi  hz  slnewave  (nominally  3  Hz).  The  variable  grating's  contrast 
was  4C%,  and  it  was  counterphase-modu'ated  by  an  Fj  Hz  slnewave  (nominally  7  Hz).  The  CRT's  static 
calibration  characteristic  was  linear  to  within  2%  up  to  85%  contrast. 
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The  steady-state  EP  consists  of  discrete  frequency  components,  each  of  which  can  have  very  narrow 
bandwldths  [P,1Q].  In  practice,  the  optimum  slgnal-to-nolse  ratio  for  any  given  component  Is  obtained  by 
matcnlng  the  ana’yzer's  frequency  resolution  to  the  bandwidth  of  the  component.  This  was  adequately 
achieved  with  a  recording  resolution  of  0.0078  Hi.  Therefore,  the  analysis  was  run  with  only  12,800  real 
frequency  bins  over  DC-100  Hz  and  some  of  the  extra  resolution  that  could  have  been  obtained  with  the 
320-sec  recording  perloa  was  traded  for  frequency-domain  averaging  (N  •  15).  This  technique  Is  discussed 
In  detail  elsewhere  [11]. 

Equipment  was  allowed  at  least  30  min  to  warm  up,  and  the  7  Hz  and  d  Hz  signals  were  fed  directly  to 
the  analyzer  at  the  start  of  each  session,  thus  calibrating  frequency  to  within  0.0039  Hz.  The  computer 
then  calculated  the  frequencies  of  all  (nFjtmFj)  terms  up  to  the  fifth  order  (30  terms).  Evoked  potential 
components  were  only  accepted  If  they  agreed  with  calculation  to  an  absolute  accuracy  of  about  one  bln 
(l.e.  0.008  Hz).  Recognition  of  high-order  EP  terms  was  limited  by  the  long-term  drift  of  electronic 
signal  generators  (say  O.H  over  i  day)  rather  than  by  the  physiology.  For  this  reason,  several 
reproducible  terms,  presumably  of  high  order,  sn  far  remain  unidentified. 

Although  this  ultra-high  resolution  analysis  may  seem  unnaturally  precise.  It  should  be  emphasized 
that  It  dues  not  contravene  Gabor's  ur.certalncy  principle  or  any  other  physical  law.  (Gabor's  principle 
states  that  the  best  possible  frequency  resolution  equals  the  reciprocal  of  recording  duration.  Thus,  a 
100-sec  recording  cannot  give  a  better  resolution  than  0.01  Hz.)  Our  main  result  Is  the  empirical  finding 
that  ultra-high  frequency  resolution  reveals  robustly-repeatable  fine  grain  structure  In  the  brain's 
responses,  and  this  fine  grain  structure  Is  Invisible  at  lower  resolution. 

It  Is  the  noise  level  In  the  limeiiate  neighborhood  of  an  EF  frequency  component  rather  than  overall 
noise  level  that  determines  the  absolute  slgnal-to-nolse  level  of  any  component:  It  Is  Important  to  note 
that  the  local  noise  level  was  quite  different  In  different  frequency  ranges  (e.g.  8  times  less  power/Hz  at 
32  Hz  than  at  8  Hz).  Thus,  for  example,  If  8  Hz  flicker  prcduces  a  2  microvolt  component  at  8  Hz  and  a  0.5 
microvolt  component  at  32  Hz,  they  will  have  roughly  similar  slgnal-to-nolse  ratios.  Components  of 
extremely  small  amplitude  have  excellent  slgnal-to-nolse  levels  In  some  frequency  ranges.  Signal  level  was 
calculated  as  the  roan  of  the  largest  plus  two  adjacent  lines  (l.e.  frequency  bins)  In  Fig  1  minus  the  mean 
of  the  sdjacent  10  lines,  5  on  either  side.  (A  signal -to  noise  ratio  measure  gave  similar  results.) 

Because  the  method  may  be  unfamiliar,  a  brief  explanation  Is  appropriate.  The  discrete  frequency 
components  of  a  steady-state  EP  can  be  regarded  as  analogous  to  the  components  of  an  averaged  transient  EP. 
However,  the  nunfcer  of  clearly-resolvable  frequency  components  can  be  larger  and  do  not  overlap.  [He 
measured  20  In  this  study  at  slgnal-to-nolse  (power)  ratios  up  to  740:1.]  Most  of  the  components  of  Fig  i 
arc  Irretrievably  lost  by  averaging  and  Mnnot  be  regained  by  subjecting  the  average  waveform  to  FFT.  Our 
technique  employs  "zoom  FFT’  In  a  modified  form  that  allows  high  zoom  ratios  to  be  combined  with 
non-destructive  analysis  over  a  wide  bandwidth  [11]. 
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Figure  1 .  Discrete  frequency 
oemponenta  of  the  steady-state 
eVo ked  potential.  Two 
sections  of  the  DC-100  power 
spectrum  are  shewn  at  ultra¬ 
narrowband  0.0078  Hz 
resolution .  A:  The  stimulus 
was  a  singly  grating  thc.t  uae 
oo unterphaoe -modulated  at  a 
nomine  l  8  Hz  (actually  7.938 
H-i).  For  ccmparicon  purposes 
the  alpha  region  near  10  Hb  is 
included  in  the  e peotrum.  B: 
The  grating  in  A  was  exactly 
superimposed  on  a  second 
grating  that  «i>a«  counterphase - 
modulated  at  a  nominal  7  Hz 
(actually  7.080  Hz).  C :  The 
grating  in  A  was  superimposed 
on  an  unpattemed  field 
flickering  at  7.080  Hz.  For 
any  mall  >*eti  al  ar*a  the 
superimposed  Fn  Ha  grating  in 
8  ix is  identical  to  the 
superimposed  flicker  in  C. 

Thus ,  the  terns  boxed  in  B 
index  nonlinear  grating- 
grating  interactions  and  are 
not  explicable  in  tame  of 
flic  f  Mr  processing  or  grati  'ig- 
f ticker  interactions. 

Ordinates  are  the  dimensions 
of  ’> olte Hecor  liny  was 
between  the  inion  and  an  elec¬ 
trode  midway  between  inion  ant! 
vertex  i yith  vertex  groundca . 
Viewing  uw*  binocular. 
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Results  and  Discussion 


First  It  was  necessary  to  Identify  frequency  components  that  were  specific  to  spatial  contrast  rather 
than  being  explicable  In  terms  of  local  flicker.  Fig  1  Illustrates  the  crucial  control  experiment. 

Fig  1A  shows  two  sections  of  the  EEG  power  spectrum  recorded  during  stimulation  with  a  single  grating 
that  was  counterphase-modulated  at  (nominally)  f  *  8  Hz.  The  response  consisted  of  sharply-defined  spikes 
at  2F'i  *  16  Hz,  4Fj  *  32  Hz  and  (not  shown)  other  even  harmonics  of  8  Hz.  Even  at  this  ultra-high 
frequency  resolution,  VEP  frequency  components  were  often  concentrated  Into  a  single  0.0078  Hz  bln, 
implying,  as  noted  previously  [9,10],  an  amplitude  and  frequency  stability  that  Is  quite  remarkable  for  a 
physiological  system.  To  put  this  In  context,  at  the  frequency  resolution  of  Fig  1,  the  stability  of  the 
steady- state  EP  was  not  distinguishable  from  the  stability  of  the  electronic  signal  generators  (Feedback 
model  THG-500  and  Wavetek  model  186)  used  to  generate  the  stimuli. 

Fig  IB  shows  two  sections  of  the  spectrum  recorded  when  a  second  grating,  counterphase-modulated  at  7 
Hz,  was  exactly  superimposed  on  the  Fig  1A  grating  with  a  relative  spatial  phase  of  zero.  The  2Fj  and  4Fj 
spikes  were  abolished,  and  several  new  terms  appeared  of  frequency  inFjtnfg)-  One  of  these  cross- 
modulation  terms,  the  (Fj+Fp)  Hz  component  was  larger  than  any  other  frequency  component  of  the  response. 
The  terms  that  Index  a  nonlinear  Interaction  between  responses  to  the  two  gratings  are  shown  In  boxes. 

Four  control  experiments  were  then  carried  out.  First,  an  Instrumental  control:  A  linear  photocell 
was  placed  In  front,  of  the  CRT  and  Its  output  subjected  to  the  same  spectral  analysis  as  that  used  In  Fig 
1.  Nonlinear  cross-modulation  products  were  essentially  zero,  the  largest  having  0.02*  of  the  power  of 
the  linear  Fi  and  Fg  signals).  Then  the  EEG  amplifier's  linearity  was  tested:  when  fed  with  two  equal- 
amplitude  slnewaves,  the  largest  cross-modulation  term  was  0.04*  of  the  power  of  the  two  fundamental 
slnewave  components  at  full  drive.  Next  the  sum  of  7  and  8  Hz  sinusoids  was  fed  directly  Into  the 
spectral  analyzer.  Cross-modulation  terms  were  essentially  zero  (below  0.01*  of  the  amplitude  of  the 
slnewnve  Inputs).  He  conclude  that  the  nonlinear  terms,  boxed  In  Fig  IB  were  not  due  to  nonlinearity  of 
the  CRT,  the  EEG  amplifier  or  the  spectral  analyzer. 

The  fourth  control  experiment  was  physiological.  A  uniform  (unpatterned)  field  flickering 
sinusoidally  at  7  Hz  was  superimposed  on  the  Fig  1A  grating.  The  flickering  field  had  the  same  mean 
luminance  as  the  F2  Hz  grating  and  the  modulation  depth  was  40*.  The  rationale  of  this  experiment  was 
that  If  we  consider  any  given  small  retinal  area  there  Is  no  difference  whatsoever  between  the 
superimposed  7  Hz  grating  In  Fig  IB  and  the  superimposed  homogeneous  7  Hz  flicker  In  Fig  1C.  Yet  Fig  1C 
shows  that  this  superimposed  blank-field  7  Hz  flicker  produced  a  dramatically  different  effect  to  a 
superimposed  7  Hz  counterphase-modulated  grating.  The  nonlinear  Interaction  terms  boxed  In  Fig  IB  were 
absent  In  Fig  1C,  the  Fig  1A  2Fj  term  that  was  abolished  In  Fig  IB  Is  not  abolished  In  Fig  1C.  He 
conclude  that  tho  boxed  terms  In  Fig  IB  and  the  previously-reported  suppression  of  2Fj  In  B  [12,13] 
reflect  the  processing  of  spatial  pattern  and  cannot  be  explained  In  terms  of  flicker  processing  nor  of 
Intercctlon  between  pattern  and  flicker  processing. 

Having  established  that  the  (Fi+Fg),  (Fj-*-3F 2 ) ,  ( 5F »-F y )  and  ( 2F i+2F 2 >  terms  specifically  Index 
changes  In  retinal  Image  contrast  rather  than  the  visual  processing  of  local  flicker  we  then  asked  whether 
any  of  these  terms  were  determined  by  the  spatial  frequency  power  content  of  the  stimulus  Independently  of 
the  particular  pattern  of  light  distribution  In  the  retinal  Image.  Our  rationale  was  as  follows.  He 
varied  the  relative  phase  of  the  two  superimposed  gratings.  This  maneuver  dramatically  changed  the 
luminance  distribution  In  the  retinal  Image  while  leaving  the  spatial  frequency  power  content  unaffected. 


Figure  2 .  Tha  effect  of 
relative  epatiaL  phase  on 
the  amplitudes  of  nonlinear 
interactions  between  two 
superimposed  gratings.  As 
phase  was  changed  from  0  deg 
to  ISO  deg,  the  light 
distribution  across  the 
retinal  image  changed 
considerably,  but  the 
spatial  frequency  power 
content  remained  constant . 
The  interaction  terms  in  A 
were  strongly  affected,  but 
the  (2Fjt2Fo)  term  in  B  was 
comparatively  independent  of 
relative  phase .  Panels  C 
and  D  show  similar  results 
fnr  a  second  subject  . 
Amplitudes  are  in  microvolts 
pk-pk.  Other  technical 
details  as  for  Fig  IB. 
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Fig  2  shows  the  results  of  this  manipulation  for  two  subjects.  Figs  2A  and  C  show  that  several  of  the 
contrast-specific  terms  are  strongly  affected  by  the  distribution  of  light  In  the  retinal  Image.  On  the 
other  hand,  Figs  28  and  D  show  that  the  contrast-specific  (2Fi+2F»)  term  Is  tolerably  Independent  of  the 
particular  light  distribution  In  the  retinal  Image.  Similar  results  were  obtained  for  a  third  subject.  We 
conclude  that  the  ( 2F 1+2F2 )  term  Indexes  an  Interaction  between  responses  to  the  two  gratings  that  Is 
rather  Independent  of  the  particular  light  distribution  In  the  retinal  Image  [14]. 

The  { 2F i+2F 2 )  term's  Insensitivity  to  spatial  phase  Is  Intriguing  In  the  context  of  Julesz's  [15] 
psychophysical  evidence  that  the  phase  spectrum  Is  not  used  In  preattentlve  texture  discrimination. 

At  cellular  level,  the  phase-independence  of  the  (2Fi+2F»)  term  In  the  human  YEP  parallels  the  phase- 
independence  of  complex  cells  In  monkey  visual  cortex  [l6j.  Furthermore,  the  nonlinear  YEP  properties  of 
frequency  doubling  (Fig  1A)  and  the  YEP  interaction  components  boxed  In  Fig  18  can  be  modelled  in  terms  of 
a  compressive  rectifier  [17],  thus  providing  a  second  parallel  with  the  complex  cell:  De  Yalols  et  al  [16] 
state  that  many  complex  cells  In  macaque  give  a  frequency-doubled  response  to  a  counterphase-modulated 
grating  (see  Fig  1C)  that  Is  "virtually  the  same  at  every  spatial  phase".  Implying  [18,19]  that  many 
rectifying  subunits  are  distributed  throughout  the  visual  field. 


EXPERIMENT  2:  CAW  THE  VISUAL  PROCESSING  OF  TWO-DIMENSIONAL  PATTERNS  BE  EXPLAINED  IN  ONE-DIMENSIONAL  TERMS? 
Introduction 

The  hypothesis  that  human  spatial  vision  can  be  described  In  one-dimensional  spatial  frequency  terms 
[4]  has  created  a  substantial  psychophysical  and  evoked  potential  (EP)  literature.  In  Its  most  recent 
version,  the  baste  Idea  1:$  that  the  spatial  (attributes  of  each  small  patch  of  the  retinal  Image  are 
analyzed  by  channels  tuned  tn  .a  limited  number  of  discrete  spatial  frequencies  (about  six,  according  to 
Wilson  and  Gelb  [6]),  and  also  to  orlentatlcn  [3]  -  perhaps  only  a  limited  number  (4-6)  of  discrete 
orientations  [?].  These  channels  perform  a  kind  of  piecewise  spatial  Fourier  Analysis  [5].  At  a 
Physiological  level,  the  responses  of  some  neurons  In  monkey  striate  cortex  evoked  by  two-dimensional 
checkerboard  patterns  can  be  explained  In  terms  of  the  one-dimensional  Fourier  components  of  the  pattern 


It  Is  well  known  tbi.it  a  two-dimensional  spatial  pattern  can  be  mathematically  expressed  as  a  l  inear 
sum  of  one-dimensional  Fourier  con,»nents,  or  as  an  integral  [21,22].  It  was  soon  reallzeo  that  In  some 
ways  the  spatial  frequency  approach  Is  mathematical Ij  more  convenient  than  the  classical  "point  spread 
function"  (Seidel  aberration)  approach  to  lens  deslyi  and,  following  H.H.  Hopkins'  pioneering  work  In  the 
1950s frequency  domain  analysis  has  become  a  standard  procedure  In  optical  engineering.  But  although,  for 
a  glass  lens,  the  Imaging  of  two-dimensional  and  one-dlmwnslpiial  targets  are  linearly  related,  this 
requisite  cannot  be  assumed  In  pliyslological  image  processing.  In  particular,  the  application  of  one- 
dlmenslonal  Fourier  methods  to  two-dimensional  Imaging  assumes  that  there  are  no  nonlinear  Interactions 
between  responses  to  two  simultaneously-presented  gratings  of  different  orientations.  Here  we  report 
evidence  that  this  assumption  Is  substantially  invalid  for  tlw  human  visual  system. 

Methods 

A  vertical  slnewave  grating  of  spatial  frequency  6  cycles.'deg  was  generated  on  a  Joyce  CRT  and 
counterphase-modulated  at  frequency  FI  (nominally  ff  Hz).  A  secend  grating  of  spatial  frequency  5.5 
cycles/deg  and  variable  orientation  was  generated  on  a  se< one  Joyce  CRT  and  counterphase-modulated  at 
frequency  F2  (nominally  7  Hz).  The  two  gratings  were  optically  supi'rlmposed.  Field  size  was  10  deg, 
contrast  was  40*  fur  each  grating  and  mean  luminance  was  250  rd/m’.  Evoked  potentials  were  analyzed  In  the 
frequency  domain  as  described  above. 

Results  and  Discussion 


The  dashed  line  In  Fig  3A  plots  the  amplitude  of  a  (2F1»2FY1  cross-modulation  response  term  as  a 
function  of  the  orientation  difference  between  the  gratings  [23].  This  cross-modulation  term  necessarily 
Indicates  a  nonlinear  Interaction  between  visual  responses  to  the  fixed  vertical  grating  and  the  variable- 
orientation  grating,  and  Is  independent  of  spatial  phase  (see  above).  Fig  3>  shows  that  the  nonlinear 
Interaction  was  large  when  the  gratings  were  parallel  and  fel :  to  a  minimum  when  their  orientations 
differed  by  about  30  deg.  The  half-height  full  bandwfdth  of  the  curve  Is  about  12  deg,  consistent  with  the 
bandwidths  of  sharply-tuned  neurons  In  monkey  striate  cortex  [24].  The  frequency-doubled  2F1  Hz  response 
produced  by  the  fixed  vertical  grating  was  suppressed  when  tne  tiro  q,i.''ngs  wore  parallel,  but  the  second 
grating  had  comparatively  little  effect  when  grating  orientations  differed  by  about  30  deg.  Similar 
results  were  obtained  for  a  second  (Fig  3)  and  third  subject. 

The  observations  reported  abovt  can  be  understood  If  the  (’F1+2F2)  term  Is  generated  by  cortical 
neurons  tuned  to  a  narrow  range  of  orientations.  When  the  gratings  orientations  differ  by  more  than  about 
30  deg,  most  of  these  neurons  cannot  encompass  both  gratings  within  their  orientation  bandwidths,  and  will 
therefore  fall  to  generate  an  appreciable  { 2F term. 

However,  when  we  placed  the  two  gratings  at  right  angles  (the  fixed  grating  remaining  vertical),  the 
nonlinear  cross-modulation  term  rose  to  a  second  maximum.  For  subject  B  this  (2F1+2F2)  term  was  as  large 
for  near-orthogonal  gratings  as  for  parallel  gratings,  and  only  a  little  less  for  subject  A.  The 
Interaction  term  was  largest  at  exactly  90  deg  orientation  difference  for  subject  A  but,  curiously,  peaked 
sharply  Just  5  deg  from  90  deg  for  subject  B. 
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This  finding  that  there  Is  a  strong  nonlinear  Interaction  between  responses  to  vertical  and  near¬ 
horizontal  gratings  can  be  understood  If  we  assume  that  cortical  neurons  tuned  to  a  narrow  range  of 
orientations  around  the  vertical  Interact  nonllnearly  with  cortical  neurons  tuned  to  a  narrow  range  of 
orientations  around  the  horizontal.  It  may  be  relevant  that  cortical  neurons  tuned  to  different 
orientations  can  Inhibit  each  other  when  excited  simultaneously  [25,26],  an  effect  that  has  been  suggested 
as  an  explanation  for  the  finding  that  some  simple  cells  fall  to  respond  to  two-dimensional  texture,  even 
though  they  respond  strongly  to  a  one-dimensional  pattern  that  Is  optically  contained  within  the  texture 
[27,28].  Complex  cells,  on  the  other  hand,  respond  to  both  one-  and  two-dimensional  patterns  [27],  In  this 
way.  Inhibition  of  simple  cells  by  complex  cells  renders  simple  cells  specifically  sensitive  to  one- 
dimensional  features  such  as  edges  [28]. 

If  our  findings  can  be  generalized  to  other  kinds  of  two-dimensional  pattern,  this  would  Imply  that 
human  VEPs  to  two-dimensional  patterns  cannot  entirely  be  explained  In  terms  of  VEPs  to  one-dimensional 
gratings.  And,  bearing  In  mind  that  psychophysical  contrast  threshold  correlates  with  VEP  amplitude  for 
both  one-dimensional  gratings  [29],  and  for  two-dimensional  checkerboards  [10,30],  our  VEP  findings  may  also 
point  to  the  limits  of  applicability  of  one-dimensional  Fourier  methods  In  the  psychophysics  of  two- 
dimensional  spatial  vision  [23]. 


Figure  3.  Nonlinear  interactions  between  two 
gratings  as  a  function  of  orientation  difference .  A 
vertical  grating  was  oounterphaee-modulated  at  FI  Hx 
and  a  variable-orientation  grating  at  F2  Hx.  Filled 
symbols  plot  the  amplitude  of  the  nonlinear  oross- 
modulation  (2F1+2F2)  Hx  term  in  the  evoked  potential 
versus  of  the  variable  grating's  orientation.  Open 
symbols  plot  the  frequency-doubled  2F1  Hx  tern. 
Results  are  shown  for  two  subjects. 


EXPERIMENT  3: 


SPATIAL  FREQUENCY  (SIZE)  SELECTIVITY  IN  THE  HUMAN  VISUAL  SYSTEM 


Methods 

A  vertical  20%  contrast  grating  was  countcrphase-modulated  at  Fj  =  8  Hz,  and  maintained  at  a  constant 
spatial  frequency  of  5  cycles/deg.  A  second  vertical  grating  of  higher  (40%)  contrast  was  counterphase- 
modulated  at  7  Hz,  and  Its  spatial  frequency  varied  from  0  (blank  field)  to  21  cycles/deg.  Evoked 
potentials  were  recorded  with  the  two  gratings  superimposed. 


Results  and  Discussion 

Fig  IB  confirms  previous  reports  [12,13]  that  the  2F j  Hz  component,  characteristic  of  a  single  grating 
(Fig  1A),  was  attenuated  when  the  Fj  grating  had  the  same  spatial  frequency  as  the  Fj  grating,  but  was 
comparatively  little  affected  when  the  two  spatial  frequencies  were  very  different.  Fig  4  adds  the  new 
finding  that  the  approximately  phase-independent  ( 2F i+2F 2 )  component  rose  to  maximum  power  when  the  two 
gratings  had  the  same  spatial  frequency. 

Following  our  previous  argument  (see  above).  If  one  grating’s  spatial  frequency  falls  Inside  a 
frequency-tuned  mechanism's  bandwidth  and  t.i.e  other  grating's  spatial  frequency  Is  well  outside,  the 
mechanism  "sees"  only  the  f1rst  grating  so  h..f  the.'-  can  be  no  Interaction.  According  to  this  argument, 
the  attenuation  of  the  2Fi  Hz  component  In  >'!•  4  Irmxer.  the  spatlai  frequency  tuning  bandwidth  of  the 
mechanism  that  produces  the  2Fi  Hz  resgonv  In  rig  ik.  .'hits-  'j)0ugh,  that  the  Fig  4  curve  shape  Is  for  the 
specific  temporal  frequency  Fj  *  7  Hz. 

The  (2Fi+2F?)  curve  In  Fig  4  .ollows  an  approximately  converse  pattern  to  the  2Fj  component,  showing 
maximum  Interaction  when  the  two  spatial  frequencies  are  equal  though  exact  reciprocity  cannot  be  expected 
because  two  rather  than  only  one  tuning  bandwidth  may  be  Involved:  the  ( 2F J+2F 2 )  component  may  be  produced 
by  one  tuned  mechanism  and/or  by  Interaction  between  the  frequency-doubled  outputs  of  two  mechanisms  tuned 
to  different  spatial  frequencies. 


Figure  4.  A  vertical  einewave  grating  of  401  conmaai, 
comitate-modulated  at  Fg  -  ?  He  and  of  variable 
epatial  frequency  aae  eupenmpoeed  on  a  second  vertical 
grating  of  20%  contrast  and  fixed  (S  cyclee/deg)  epa.ia, 
frequency  comterphaae-modulated  at  Fj  -  7  Hz.  The  /.F j 
He  reepor.ee  to  the  second  ! reference 1  grating  woe 
virtually  abolished  then  the  variable  grating  had  the 
same  epatial  frequency,  and  at  the  ear.e  time  the  peace- 
independent  12?i+2?2>  term  race  to  a  maximum. 


SPATIAL  FREQUENCY 
OF  Fz  Hz  GRATING  (cydes/deg) 

EXPERIMENT  4:  AUDITION:  THE  FIRST  STAGE  OF  PROCESSING  IN  THE  INNER  EAR 

An  amplitude-modulated  (AM)  tone,  generated  by  multiplying  4 ,Farr1?- t°l ,17 = 
1048.50  Hz  by  a  sinusoid  of  frequency  Fi  =  20.886  Hz,  was  fed  to  the  subject  s  left  ear  [31].  The 
nntonH^ls  rernrdpd  between  the  riqht  earlobe  and  vertex  were  amplified  over  a  l-zuo  Hz  banowiocn  ana 
sSSjeaed  to  spectral  SiswUh  a  resolution  of  0.00/8  Hz,  giving  approximately  25,000  real  frequency 

blHdw1dth9w!s  SUSz!h1h!sCla^nr2^ 

il&JPW  IS  effect  E  f  ^  tS^ut  60t  of 

its  power  (i.e.  approximately  20*  amplitude  reduction).  In  other  words,  the  left  ear  s  response  was 
sligh?V  attenuated  by  the  Input  to  the  right  ear  and  the  right  ear’s  2F2  response  could  be  recorded  as 
well:  no  cross-modulation  terms  were  recorded  (Fig  5B). 

Then  the  Fi  and  F?  Hz  AM  tones  were  electronically  summed  and  fed  to  the  same  (left)  ear.  Fig  SC 
shows  that  the  result  was  quite  different  to  the  dichotic  case  of  Fig  58.  There  was  a  strong  nonlinear 
interaction  that  almost  abolished  the  2Fj  and  2F2  components,  and  created  a  ^  ^ 

of  frequency  (F1+f2),  i.e.  (42.664  Hz)  that  had  about  twice  the  power  of  «*e  2Fi  response  to  the  Fi  Hz  AM 
alone  (compare  C  with  A).  Next,  we  used  two  earners  instead  of  one.  ihe  fi  4n 

modulated  by  the  Fi  =  20.886  Hz  sinusoid  as  before,  but  this  time  Jie  F2  -  21.778  Hz  sinusoid  moouiazea  a 
f2  =  1048.49  Hz  carrier.  The  two  tones  were  summed  and  fed  to  the  left  ear.  The  (Fj+Fp)  n**P°!?*e  ."as 
considerably  diminished  (about  fourfold  in  power),  and  the  2Ft  and  2F?  terms  enhanced  (about  sixfold  in 
power)  so  that  the  response  pattern  looked  quite  different  to  casual  inspection  (Fig  50).  Mo  e  ca  t 
inspection  at  higher  resolution  showed  an  additional  effect  th^may^b^  jjstjis^^in^panel  .D.^T^ 
central 
0. 

spli 

(1.6  Hz7  that  a  andb  fall  right  outside  the  2Fj  and  2F2  terms. 


Figure  5.  P.eeponee  epectra  recorded 
between  the  vertex  and  right  earlobe. 

Three  auditory  waveforms  were  used:  SI  - 
an  fj  Hz  audio  carrier  amplitude-modulated 
at  Fj  He;  S2  -  an  f  j  Hz  carrier  modulated 
at  Fg  Hz;  S3  -  an  fg  Hz  carrier  modulated 
at  Fg  Hz.  .4:  SI  to  left  ear.  B;  SI  to 
left  ear,  and  S2  to  right.  C:  SI  plus  S2 
to  left  ear.  D-G:  S2  plus  S3  to  left  ear. 
V:  (fz-fj)  -  0.01  Hz.  E:  (fz-fjl  -  0. 2 
Hz.  F:  (fz-fi )  -  0.25  Hz.  G:  (fg-fj)  « 
1.3  Hz.  Ordinates  are  power  with  the 
dimensions  of  volte 2.  signals  were 
analyzed  over  a  TC-200  Hz  bandwidth  using 
zoom-FFT  by  a  Bruel  and  Kjaer  model  2032 
analyzer  at  0.007S  Hz  frequency 
resolution. 
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In  brief.  Figs  5DrG  show  the  following  two  effects:  (1)  The  (F1+F2 )  term  smeller  (relative  to 
the  2Fj  end  2F2>  terns)  than  In  Fig  SC  where  there  was  only  one  carrier;  (2)  The  (Fj+fg)  term  splits  Into 

j  two  parts  whose  separation  equals  Z( f i~f2 >  Hz.  The  effects  were  confirmed  In  two  other  subjects. 

f  The  sound  stimulus  was  calibrated  by  placing  a  microphone  in  front  of  the  earphone,  and  analyzing 

Its  output  In  the  same  way  as  the  brain  responses.  Nonlinear  terms  were  essentially  zero, 

a  proposed  explanation  for  these  physiological  findings  Is  as  follows.  The  responsible  nonlinearity 
must  lie  before  the  signals  from  the  two  ears  unite,  because  the  dichotlc  case  (Fig  5B)  does  not  show 
these  effects.  He  note  that  binaural  convergence  occurs  already  at  the  olivary  nucleus.  It  Is  known 
that  the  transducer  function  of  hair  cells  has  the  rectlfler-Hke  shane  shown  In  Fig  6A  [32].  An 
electronic  circuit  with  a  similar  Input-output  characteristic  (Fig  6B)  was  fed  by  the  same  AH  signals 
used  to  generate  the  auditory  stimuli  used  In  Figs  1C-G.  Fig  6C-J  shows  that  this  analog  model  of  hair 
cell  transduction  produced  all  the  effects  observed  In  the  physiological  recordings  of  rig  5C-G. 

He  tentatively  suggest  that  the  curious  nonlinear  behavior  observed  when  one  ear  Is  stimulated  with 
the  sum  of  two  AM  tones  Is  consistent  with  the  characteristic  shape  of  the  transducer  function  of  hair 
cells.  Furthermore,  the  rectifier-like  shape  of  the  function  explained  why  a  single  carr'er  modulated  at 
Fj  Hz  produces  a  2Fj  Hz  response  (Fig  5A),  even  though  the  sound  wave  contains  no  2Fi  or  F}  Hz  Fourier 
component,  or  Indeed  any  component  within  1000  Hz  of  these  frequencies  [31]. 

Further  developments  of  this  approach  and  Its  formal  mathematical  treatment  may  enable  variations  of 
the  shape  of  the  hair  cell  transducer  function  to  be  Investigated  In  the  normal  ear,  and  In  ears  affected 
by  pathology  or  by  toxic  agents. 
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figure  6.  A:  physiological 
transducer  funation  for  hair  ael  l o 
L32].  B:  input-output  transducer 
funation  for  hardware  model .  C-J: 
reeponee  epeotra  for  hardware  model. 
C:  ae  A  in  fig  6.  D:  stimulus  S2 
only.  B:  ae  C  in  fig  6.  f:  ae  D  in 
fig  S.  G:  ae  E  in  fig  6.  H:  ae  f  in 
fig  5.  J:  ae  G  in  fig  6.  Analysis 
ae  in  fig  6.  Input  voltage  2.6  pk-pk 
maximum.  Similar  results  were 
obtained  for  0.6,  0.18  and  0.09 
maximum  volte  pk-pk. 


CONCLUSIONS 

The  frequency  domain  techniques  previously  developed  for  the  analysis  of  steady-state  EPs  enable 
small  signals  to  be  extracted  from  a  high  noise  background  [9,10,33]  or,  alternatively,  by  means  of  such 
methods  as  “sweep  EPs“  or  "EP  feedback"  [33,34,35,36],  offer  substantially  shorter  recording  procedures 
(up  to  30-fold  speed  Increase  compared  with  conventional  time-domain  averaging). 

He  describe  here  an  additional  development  of  steady-state  EP  recording  that  allows  certain  powerful 
mathematical  techniques  of  nonlinear  systems  analysis  to  be  generally  applied  to  the  Investigation  of 
visual,  auditory  and  somatosensory  processing  In  the  human  brain.  (It  should  be  noted  that  time¬ 
averaging  techniques  are  quite  Inappropriate.  Any  averaging  that  Is  required  must  be  carried  out  In  the 
frequency  domain  rather  than  the  Lime  domain.  Tnls  point  Is  discussed  In  detail  elsewhere;  see 
references  9,10,11.) 


FUTURE  POSSIBILITIES 

The  use  of  the  techniques  described  here  In  neuromagnetlc  investigations  of  visual,  auditory  and 
somatosensory  pathways  will  add  the  greater  precision  of  generator  location  offered  by  neuromagnetlc 
recording  to  the  analytic  power  Illustrated  here.  (Because  volume  currents  propagate  large  distances, 
both  nearby  and  distant  sources  may  contribute  to  the  evoked  potential  recorded  from  any  given  electrode, 
but  a  SQUID  magnetic  sensor  coll  records  nearby  sources  only.) 
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But  there  is  a  further,  and  more  basic  point.  So  far  we  have  discussed  the  interpretation  of  results 
only  in  terms  of  qualitative  coismonsenslcal  conclusions.  Mathematics  has  been  mentioned  only  in  the  purely 
technical  context  of  signal  recording,  rathe'  than  as  a  tool  for  more  profoundly  probing  central  nervous 
System  function  and  interpreting  experiment  results. 

In  general  terms,  nonlinear  interactions  between  multiple  sensory  inputs  can  be  regarded  as  basic  to 
brain  function  in  the  everyday  world.  The  brain  is  not  a  linear  system  that  merely  applies  a  scaling 
factor  to  the  sensory  inputs  it  receives;  rather  it  manipulates  the  incoming  sensory  information,  using 
strongly  nonlinear  processing  in  order  to  achieve  goal-directed  motor  action.  The  nonlinear  operations 
performed  by  the  brain,  it  has  been  suggested.  Include  multiplication  [37,38],  division  [39,40]  and 
logarithmic  compression. 

One  of  us  (MPR)  has  developed  a  mathematical  procedure,  based  on  Bennett's  [41]  double  Fourier 
integral  approach,  of  calculating  the  nonlinear  cross-modulation  products  of  frequency  (nfi+nf2)  produced 
when  the  sum  of  two  sinewaves  of  frequencies  Fj  and  F2  are  fed  to  rectifiers  of  different  kinds.  Single 
rectifiers  of  linear,  compressive  (e.g.  square  root),  accelerating  (e.g.  square  law)  characteristics, 
cascaded  rectifiers  and  parallel  cascaded  rectifiers  have  been  theoretically  treated,  and  discrete 
components  up  to  the  fifth  order  calculated  [the  order  is  defined  as  (n+m)]  [42],  The  point  of  all  this  is 
that  many  neurons  behave  rather  like  rectifiers.  For  example,  a  neuron  may  respond  to  an  increase  but  not 
a  decrease  of  contrast.  Our  theoretical  work  suggests  that  the  behavior  of  the  discrete  frequency 
components  constitutes  a  kind  of  high-resolution  'fingerprint"  that  charactererizes  different  kinds  of 
nonlinearity.  This  "fingerprint"  is  capable,  for  example,  of  identifying  rectlflcation-plus-multipHcatlon 
or  rectification-plus-compression. 
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LANDOLT,  CA:  Hava  you  tried  to  record  intermodality  Interactions?  Ftr  example,  have  you  tried  to  record 
any  vlBuai-audltory  or  visual-vestibular  interactions?  Do  you  see  the  method's  applicability  in  mapping 
out  common  brain  areas  responding  to  more  than  one  sensory  modality? 

REGAN,  CAi  Yes,  in  principle,  the  method  is  capable  of  recording  interactions  between  different  sensory 
modalities.  We  have  recorded  visual-auditory  interactions:  we  have  not  tried  visual-vestibular  onos.  The 
maps  of  macaque  monkey  cortex  published  by  Van  Essen  show  several  discrete  areas  containing  neurons  that 
respond  to  more  than  one  modality.  We  now  know  where  these  areas  are  —  at  least  in  the  macaque  monkey 
(Van  Essen,  D.  In:  Peters,  A.  and  Jones  E.G.  Cerebral  Cortex.  Vol.3.  Plenum  Press,  New  York,  N.Y.,  pp. 
259-329,  1986),  It  seems  likely  that  corresponding  areas  would  exist  in  man.  So,  it  would  make  sense  to 
use  the  neuromagnetic  brain  recording  technique  in  humane  to  search  for  lntermodallty  interaction 
responses,  because  Che  neuromagnetic  technique  seems  to  have  a  higher  spatial  resolution  than  the  evoked 
potential  technique. 

WEINBERG,  CA:  This  is  a  beautiful  technique,  but  how  do  you  get  25,000  bins? 

REGAN,  CA:  The  best  possible  frequency  resolution  Af  He  is  approximately  equal  to  1/T,  where  T  1b  the 
recording  duration.  This  follows  from  Heisenberg's  Uncertainty  Principle,  and  its  relevance  to  signal 
analysis  was  first  pointed  out  by  Dennis  Gabor.  Thus,  if  you  record  a  continuous  sample  of  EEC  200 
seconds  in  duration,  and  compute  a  frequency  spectrum  (e.g.,  power  versus  frequency),  a  resolution  of  Af  - 
1/200  -  0.005  Hz  is  possible,  giving  200  x  100  -  20,000  lines  over  a  DC  -  100  Hz  bandwidth.  The  reason 
why  you  usually  do  not  get  this  ultra-high  frequency  resolution  is  technical  rather  than  theoretical  —  it 
is  there  for  the  taking.  When  conventional  FFT  la  used  to  compute  the  spectrum,  you  obtain  a  spectrum 
from  DC  to  some  maximum  frequency,  fmax,  and  the  number  of  lines  depends  on  the  size  of  the  transform:  a 
IK  transform  gives  about  400  lines  and  a  2K  transform  (l.e.,  2048  uamples)  gives  about  800  lines. 
Increasing  the  transform  size  soon  becomes  prohibitively  expensive  in  spectral  analyzers.  The  technique 
we  use  is  called  zoom-FFT.  Let's  say  we  have  a  2K  transform,  giving  800  lines  from  DC  to  fmax,  and  we 
require  about  25,000  lines  over  a  DC  to  100  Hz  bandwidth.  Wa  analyse  the  signal  in  3-Hz  segments.  First 
we  set  fmax  at  3.0  Hz,  and  do  an  FFT  giving  BOO  lines  from  DC  -  3  Hz.  Then  we  take  the  original  signal 
and  multiply  it  by  3.0  Hz,  giving  two  sets  of  best  frequencies  (aum-and  dlffarance),  and  remove  one  set  by 
filtering.  This  procedure  converts  the  original  3.0  Hz  to  DC,  so  we  can  apply  the  FFT  again.  Then  we 
re-label  the  frequencies,  and  thus  have  800  lines  from  3.0  -  6,0  Hz*  And  so  on.  Our  version  of  this 
technique  stores  the  original  signal,  and  allows  the  off-line  analysis  to  be  carried  out  at  very  high 
,'ipsed.  High  "zoom"  factors  are  available  —  wa  routinely  use  a  factor  of  32, 
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SUMMARY 

The  impresalvo  results  obtained  during  the  last  few  years  by  applying  the 
nouromagnetic  method  to  the  investigation  of  brain  physiology  and  pathology  have  given 
an  extraordinary  impulse  to  the  development  of  large  multi-sensor  systems,  which  should 
permit,  in  a  relatively  near  future,  to  simultaneously  detect  the  distribution  of  the 
magnetic  field  over  a  large  area  of  the  scalp  and  to  achieve  a  real  time  functional 
localization  of  active  cerebral  sources.  In  this  paper  an  outline  of  the  main 
Instrumental  problems  in  the  choice  of  an  optimal  sensor  configuration  -  for  large 
multichannel  systems  -  is  presented,  with  particular  emphasis  on  the  capability 
featured  by  different  kinds  of  superconducting  gradiometers  to  identify  complex 
cerebral  sources,  and  on  the  need  for  more  sophisticated  model  sources. 


INTRODUCTION 

During  the  last  few  years  exciting  results  have  been  obtained  in  the  neuromagnetic 
investigation  of  spontaneous  and  evoked  cerebral  activlty(l).  A  unique  capability  of 
the  technique  is  the  possibility  of  ..chieving  a  three-dimensional  identification  of 
active  areas  in  the  brain,  namely  a  "functional  local izazlon" .  Therefore  the  method 
might  turn  into  a  powerful  tool  to  study  higher  levels  of  brain  functions,  like  those 
related  to  attention,  memory,  etc. 

In  order  to  achieve  this  goal  large  multichannel  systems  must  be  developed,  to 
simultaneously  measure  the  distribution  of  magnetic  fields  at  numerous  sites  of  the 
scalp.  The  few  systems  (four  to  seven  adjacent  sensors)  based  on  SQUID  technology  30 
far  operating  in  the  world(l)  can  provide  only  a  limited  view  of  this  distribution  and, 
as  a  consequence,  the  measurements  must  be  repeated  several  times  at  different  scalp 
locations.  This  procedure  -  which  is  based  on  the  hypothesis  that  cerebral  responses 
are  stationary  -  causes  two  drawbacks:  1)  re-positioning  errors  can  be  introduced,  and 
this  strongly  affects  the  localization  reliability;  2)  the  measurement  is  prolonged  for 
one  hour  or  more,  and  a  variability  in  the  psychological  conditions  of  the  subject 
occurs.  This  variability  might  be  acceptable  as  far  as  primary  cortical  areas  are 
concerned,  but  proves  to  be  a  major  constraint  when  studying  higher  levels  of  brain 
functions. 

It  Is  therefore  commonly  agreed  that  the  new  generation  of  neuromagnetic  systems 
should  be  In  the  "class  100",  l.e.  consisting  of  a  number  of  adjacent  magnetic  sensors 
of  the  order  of  100,  distributed  onto  a  spherical  surface  in  such  a  way  to  cover  a 
scalp  area  of  at  least  150  cm  .  There  are,  however,  different  possible  choices  for  the 
array  of  superconducting  sensors  to  be  used  in  the  system.  As  a  consequence  of  this 
choice,  particular  attention  should  be  devoted  to  the  capability  of  a  specific  array  to 
detect  blomagnetlc  sources.  For  example,  gradiometers  with  planar  geometry  have  a  most 
Interesting  feature:  an  enhanced  sensitivity  with  respect  to  higher  spatial 
frequencies.  This  might  prove  to  be  a  major  advantage  when  facing  the  problem  of 
distinguishing  complex  source  configurations. 


SENSOR  CONFIGURATION 

"Wound-wire"  detection  colls  -  magnetometers  and/or  gradiometers  -  have  been  so  far 
widely  used  both  in  shielded  and  in  unshielded  environments.  Alternatively,  planar 
geometries,  directly  fabricated  onto  silicon  chips,  havo  been  proposed  by  several 
groups  (3-5).  (see  Flg.l).  In  this  case  the  detection  coil  -  independently  of  the 
specific  configuration,  i.e.  magnetometer,  first-order  gradlomoter,  second-order  etc.  - 
is  Inserted  in  the  SQUID  itself.  The  efficiency  of  coupling  between  the  detection  coll 
and  tne  SQUID,  namely  the  flux  transforming  ratio  (2)  of  the  superconducting  loop,  is 
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Figure  1.  Schematic  drawing  of  a  "vertical"  second-order  gradiometer  and  of  the  four 
simplest  geometries  of  planar  gradlometers.  The  parameters  used  for  the  simulations 
reported  in  the  text  ore  a3  follows:  vertical  gradiometer,  1.5  cm  coil  diameter  and  5 
cm  baseline;  planar  gradlometers,  O.S  cm  eoll  diameter,  1.5  cm  baseline.  The  square  in 
the  center  of  each  planar  gradiometer  schematically  represents  the  DC  SQUID. 


therefore  maximum  (unitary),  differently  from  what  happens  with  wound-wire  colls,  where 
coupling  to  the  SQUID  inductance  unavoidably  reduces  the  efficiency  of  the  loop  to  a 
few  percent.  It  has  been  also  shown  (2)  that  planar  gradlometers  feature  additional 
advantages,  like  the  absence  of  superconducting  contacts  and  a  higher  feasibility  to 
integration  in  large  arrays.  Conversely,  the  shape  of  the  pattern  dotected  in  presence 
of  a  typical  biom&gnetlc  Hource,  namely  a  current  dipole,  is  generally  more  complicated 
with  respect  to  that  featured  by  arrays  of  "vertical"  gradlometers,  and  this  can  be 
considered  a  partial  drawback  as  far  as  a  clinical  use  of  the  technique  is  concerned. 
Fig. 2  shows  a  simulation  of  the  spatlRl-temporal  characteristics  of  the  signals 
detected  by  an  array  of  vertical  (a)  and  of  planar  (b)  (quadratic)  gradlometers, 
respectively (G) .  To  get  these  simulated  tracings  it  was  assumed  that  a  dipolar  source 
was  located  at  a  depth  of  5  cm  below  the  surface  of  a  homogeneously  conducting  half 
space.  The  source  intensity  was  assumed  to  be  modulated  accordingly  with  the  typical 
morphology  of  a  somatosensory  evoked  signal  (median  nerve  stimulation,  see  Insert  of 
Fig, 5),  The  simulated  tracings  represent  signals  actually  detected  by  an  array  of  36 
gradlometers,  G  by  6,  spaced  2  cm  from  each  other.  The  geometrical  dimensions  of  the 
gradlometers  are  reported  in  the  caption  of  Flg.l.  It  is  worth  noting  that  the  scaling 
factor  is  different  between  (a)  and  (b):  as  pointed  out  in  (6),  the  comparison  between 
planar  and  vertical  gradlometers  Is  even  more  favoreable  to  the  former  If  a  realistic 
value  for  instrumental  noise  is  taken  into  account.  This  turns  to  be  an  Important, 
advantage  v/hen  facing  the  localization  problem.  On  the  other  hand,  as  already 
mentioned,  vie  have  to  pay  the  penalty  of  an  Increased  complexity  in  the  detected 
pattern,  as  clearly  Illustrated  by  the  two  lso-fleld  maps  in  Fig. 3. 

Another  advantaged  provided  by  planar  geometries  is  their  higher  capability  to 
reject  disturbing  sources.  It  has  been  shown  (2)  that  this  effect  can  be  orders  of 
magnitude  larger  than  that  achievable  with  a  corresponding  array  of  vertical 
gradlumetors.  This  property  has  obvious  implications  for  wnut  concerns  the  use  of 
magnetic  shielding!!  with  large  neuromagr.etlc  systems. 


complex  "sou nets 

There  Is,  however,  another  point  which  is  particularly  significant  for  the  puroose 
of  the  present  article.  It  is  common  opinion  that  the  simple  dipolar  model  (7)  can  be 
used  as  a  model  source  to  account  for  neural  activity  only  to  a  limited  extent.  More 
specifically,  it  Is  relatively  Infrequent  that  a  cerobral  event  involves  only  a 


WRTICA1  CtUDIOMSTEM  SOURCE  DEPTH  8  cm  CAUNO  i  10 


Figure  2.  Simulated  evoked  3lgnala  from  a  current  dipole,  the  Intensity  of  which  is 
made  to  vary  with  time  according  to  an  actually  measured  evoked  field,  as  sensed  by  an 
array  of  30  vertical  (top)  and  of  30  planar  (quadratic)  gradlometers  (bottom).  Sources 
are  located  5  cm  below  the  center  of  each  array.  Note  the  different  scaling  factor. 
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Figure  3.  Simulated  lao-fleld  contour  maps  Illustrating  the  field  distribution  from  a 
current  dipole  (5  cm  depth)  as  detected  by  an  array  of  36  vertical  (left)  and  planar 
(quadratic,  right)  gradlometera  respectively. 
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concentratod  population  of  neurons  In  a  small  portion  of  the  cortex.  This  most  likely 
happens  for  the  early  cortical  components  in  the  auditory  and  in  the  somatosensory 
modalities.  Dut  even  in  this  relatively  well-understood  events  -  as  we  will  see  in  the 
following  -  and  certainly  In  all  those  functions  which  are  event-related  in  some  way,  a 
simple  dipolar  model  is  oversimplifying  and  cannot  be  used  for  source  localization.  A 
detailed  simulation  (2)  on  the  performances  of  arreys  of  vertical  and  planar 
gradiometers  with  respect  to  their  respective  capability  to  identify  two  dipolar 
sources  showed  the  superiority  of  the  second  kind  of  geometry.  This  property  may  be 
related  to  the  larger  sensitivity  featured  by  the  planar  devices  with  respect  to  higher 
spatial  frequencies. 

In  general,  multiple  dipoles,  more  or  less  synchronously  active,  or  more  complex 
source  configurations,  involving  quadrupolar  components  (8)  should  be  considered  for 
the  analysis  of  experimental  data.  Fig. 4a  schematically  illustrates  the  shape  of 
different  components  of  a  quadrupolar  source.  We  want  to  remark  that  all  these 
components  consist  in  combinations  of  two  antiparallel  dipoles.  Fig. 4b  shows  the  the 
theoretical  field  patterns  associated  to  each  of  these  components  (8,9).  Although  the 
physiological  meaning  assoclable  to  these  configurations  is  certainly  less  intuitive 
than  that  of  a  simple  dipolar  source,  it  is  however  not  unrealistic  to  have  current 
circuits  either  in  the  cortex  or  in  sub-cortical  -  cortical  connections  which  can  be 
accounted  for  by  one,  or  by  a  combination  of,  quadrupolar  component(a) . 
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18ms  1 50fT  20ms  190fT  22ms  200fT  24ms  1  1 0fT 


26ms  200fT 


28ms  1 80fT  30ms  1 80fT  32ms  1 80fT 


Figure  5.  (top)  Sequence  of  8  iso-field  contour  maps  illustrating  the  temporal 
evolution  of  the  field  distribution  as  measured  after  median  nerve  stimulation. 
Iso-field  step,  5  fT,  (bottom,  left)  Evoked  field  as  measured  at  position  (-5,13)  of 
the  grid.  (right)  Simulated  iso-field  map  illustrating  the  field  distribution  from 
equally  Intense  components  and  0g  of  a  current  quadrupole  at  5  cm  depth  (8). 
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We  want  to  remark  that  a  motivation  for  this  kind  of  theoretical  analysis  stems  from 
the  experimental  observation  of  complex  field  patterns  during  cerebral  evoked  response. 
Evidence  for  this  was  observed,  for  instance,  in  the  ocalp  distribution  of  magnetic 
fields  generated  in  a  CNV  experiment  (3.0>,  But  even  in  the  investigation  of  evoked 
fields  originating  in  primary  areas  is  not  infrequent  to  observe  olearcut  spatial 
patterns  strongly  resembling  those  produced  by  a  quadrupolar  model  source.  Fig. 5  shows 
a  sequence  ot  8  iso-field  maps  illustrating  the  spatial-temporal  evolution  of  the 
magnetic  field  evoked  by  stimulation  of  the  left  median  nerve  at  the  wrlat,  aa  measured 
over  the  contralateral  somatosensory  cortex.  The  reference  frame  i a  a  coordinate  system 
the  origin  of  which  is  located  at  the  intersection  of  the  Nasion-Inlon  horizontal  line 
with  the  ear-ear  line  through  the  vertex.  The  positions  where  the  magnetic  field  wae 
measured  are  identified  by  dots  in  each  map.  The  time  at  which  each  map  was  calculateo 
(reported  below  each  map)  is  identifiable  on  the  evoked  magnetic  field  as  measured  in 
one  of  the  two  "maxima"  (measuring  site  -5,13  on  the  grid)  shown  in  the  insert 
(bottom,  left).  The  dipolar  character  evident  in  maps  (1-3,  5-8)  suggests  a  source 

progressively  shallower  from  1  to  3,  and  progressively  deeper  -  and  differently  looated 
-  from  4  to  8.  Nevertheless,  the  field  pattern  illustrated  in  map  4  strongly  resembles 
the  theoretical  one  generated  by  a  simple  combination  (Q,-03)  of  quadrupolar  components 
(bottom,  right).  We  want  to  stress  that  this  consideration  is  merely  qualitative,  but 
may  provide  a  hint  on  the  need  for  more  sophisticated  model  analyses. 

CONCLUSIONS 

Although  the  development  of  large  neuromagnetio  systems  is  still  at  the  beginning, 
it  should  be  carefully  considered  that  the  choice  of  the  geometry  for  the  array  of 
sensors  has  a  fundamental  importance.  Indeed,  as  we  have  briefly  reviewed,  each  choice 
has  advantages  and  disadvantages.  It  is  therefore  not  a  simple  task  to  establish  the 
optimal  configuration  and,  probably,  different  systems  should  be  designed  for  different 
experimental  requirements,  Including  the  use  or  not  of  shielded  rooms,  the  need  for 
studying  complex  brain  activity,  etc.  What  should  be  pointed  out,  however,  is  that,  In 
spite  of  the  mentioned  difficulties,  which  are  being  or  are  going  to  be  eolved  by  more 
sophisticated  studies,  the  neuromagnetic  approach  is  going  to  provide  a  unique  tool  to 
investigate  cerebral  activity  and  to  achieve  a  real  time  functional  Imaging. 
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OFFENLOCH,  GKi  In  your  presentation,  you  showed  evoked  magnetoencephalographic  recordings  of  sensory 
efferents.  We  know  from  neurophysiology  and  neurology  that  these  afferents  project  to  specific  thalamic 
nuclei,  and  they  project  sharply  to  the  motor  sensory  cortex.  Why  do  we  see  such  large  fields  In  your 
maps? 

ROMANI,  IT:  In  the  first  place,  you  should  be  aware  that  magnetic  measurements  are  more  sensitive  to  tan¬ 
gential  currant  flows  than  to  radially  oriented  currents.  This  is  a  fundamental  point.  In  principle,  if 
the  hoad  were  a  sphere  we  would  never  see  radially  oriented  currents.  Secondly,  when  we  looked  at  the 
distribution  of  Isofleld  maps,  the  first  three  or  four  had  maxima  which  were  much  more  widespread  than 
those  obtained  later  on.  These  are  contributed  by  a  deep  brain  source. 

KAUFMAN,  US:  The  question  as  I  heard  it  was  that,  since  we  know  from  neurophysiology  that  activity  of 
this  type  is  very  focal,  why  are  the  magnetic  fields  that  we  measure  so  widely  distributed?  If  you  have  a 
short  segment  of  current,  then  it  is  surrounded  by  a  magnetic  field  which  extends  forever.  It  falls  off 
inversely  as  the  square  of  the  distance,  but  it  is  very  widespread.  The  field  which  appears  above  the 
surface  of  the  head  also  has  a  pattern  which  is  very  widespread.  By  measuring  the  entire  pattern,  you  get 
information  about  the  focal  source.  In  fact,  the  only  way  in  which  to  image  this  source  is  to  think  of  it 
as  being  analogous  to  a  point  source  in  optics  —  an  infinitesimal  point  of  light  from  which  you  can 
measure  a  different  pattern  in  the  distribution  of  light  In  space.  Similarly,  you  can  treat  a  clump  of 
many  neurons,  say  100,000,  as  seen  from  a  distance  of  3  cm  as  though  it  were  a  point  source  having  a  mag¬ 
netic  field  that  is  spread  throughout  space.  Although  the  field  is  widespread,  the  source  is  exactly  as 
you  described  it;  if.  is  focal  in  this  model. 

LANDOLT,  CAt  Both  Dr.  Kaufman  and  Dr.  Romani  alluded  to  the  possibility  of  designing  a  100  to  120  sensor 
system  for  MEG  recording.  I  presume  that's  a  conceptual  goal.  In  such  a  system,  what  would  be  the 
diameter  of  the  sensors,  and  what  is  the  anticipated  brain  volume  From  which  you  expect  to  record?  Are 
you  looking  at  a  system  that  Is  the  real-time  equivalent  of  nuclear  magnetic  resonance  imaging? 

ROMANI,  IT:  The  first  answer  is  that  the  diameter  of  the  coils  that  are  currently  used  is  about  1  to  1.5 
cm.  Secondly,  these  coils  must  be  placed  in  an  array  having  a  particular  spacing  which  is  specific  to  the 
range  of  depth  that  you  want  to  investigate,  It  is  useless  to  reduce  the  diameter  of  the  coils  and  put 
them  closer  together  than  a  couple  of  centimeters.  This  would  simply  increase  the  spatial  sampling  rate 
without  providing  any  significant  improvement  in  the  localization,  if  the  source  is  deeper  than  1  cm 
(which  is  the  minimum  depth  that  you  can  record  from  a  source  through  the  scalp).  As  you  said,  the  large 
system  that  Dr.  ilaufraan  and  I  discussed  ia  conceptual,  but  it  is  certainly  possible  with  present  state- 
of-the-art  technology.  A  100-sensor  system  coupled  to  a  powerful  computer  for  on-line  real-time  imaging 
is  a  goal  that  car.  be  achieved  in  the  next  A- 5  years. 

KAUFMAN,  US:  I  subscribe  to  everything  Dr.  Romani  said  except  that  1  believe  it  will  only  be  3  years, 
because  physically  it  is  already  being  developed. 

GEV1NS,  US:  I  subscribe  to  everything  that  Dr.  Romani  and  Dr.  Kaufman  said,  except  that  I  think  it  will 
probably  take  6  years.  The  reason  for  this  Is  that  the  analysis  of  three-dimensional  real-time  imaging, 
whether  the  signals  are  magnetic  or  electric,  or,  preferably,  both  is  very  complicated.  This  is  not  a 
trivial  problem  because  as  more  complex  source  configurations  are  required,  better  and  better  aignal-to- 
nolse  ratios  are  needed.  It  will  take  a  great  deal  of  effort;  it  will  not  be  solved  overnight  with  a  Cray 
computer.  Additionally,  all  the  issues  that  have  to  do  with  contaminants  from  eye  movements,  muscle 
potentials,  etc.  will  also  have  to  be  dealt  with  in  the  MEG,  as  they  have  in  the  EEC.  There  are  many 
Issues  that  must  be  addressed  besides  physically  building  the  system,  so  I  am  less  certain  of  the  time  for 
completion,  although  I  certainly  think  that  it  Is  possible. 
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I.  Introduction  and  Overview 

Electrical  potentials  recorded  from  the  scalp  have  been  successfully  used  to  study 
various  brain  processes.  It  has  become  possible  to  record  magnetic  fields  under  similar 
conditions  (Cohen,  1968).  Magnetic  and  potential  fields  produced  by  the  nervous  system 
have  different  properties  that  can  be  exploited  for  the  study  of  brain  activity  related 
to  information  processing  (e.g.,  Cohen  and  Cuff in,  1983;  Romani  and  Leoni,  1985;  Romani 
and  Williamson,  1983;  Romani,  Williamson,  and  Kaufman,  1982a,  1982b;  Williamson  and  Kauf¬ 
man,  1981). 

Electcuphysiolugrcul  and  behavioral  research  has  pointed  to  meaningful  components 
and  temporal  events  in  Evoked  Potentials  that,  in  conjunction  with  behavioral  measures, 
could  elucidate  targeted  cognitive  processes.  This  research  has  not  only  involved  P300 
and  CNV  components,  but  also  has  utilized  other  components  that  may  be  measured  and 
related  to  cognitive  performance,  including  short-term  memory  and  linguistic  processing, 
for  example,  research  on  the  relations  between  connotative  meaning  of  words  and  brain 
activity  shows  that  ths  brain  activity  in  different  individuals  is  sufficiently  similar 
for  a  common  model  to  discriminate  word  classes  significantly  better  than  chance.  Furth¬ 
ermore,  these  brain  response  discriminations  among  stimulus  word  classes  survived  varia¬ 
tion  in  the  subject's  task. 

Memory  and  memory  organization  are  research  areas  that  are  fundamental  to  learning 
and  cognitive  processing.  Failures  to  learn  may  be  due  to  failures  at  the  time  of  input 
to  memory,  during  retention,  or  at  the  retrieval  stage  from  memory.  It  has  been  diffi¬ 
cult  to  disentangle  what  is  occurring  st  each  of  these  stages  without  interfering  with 
the  ongoing  cognitive  processes.  Assessing  memory  with  behavioral  techniques  can  only  be 
done  at  the  retrieval  stage,  of  course,  but  some  clever  experimental  designs  have  been 
applied  to  uncover  what  is  in  memory  st  various  stages.  These  have  used  behavioral  meas¬ 
ures  of  response  timing,  probe  techniques,  priming  techniques,  etc.  In  addition  to  these 
bshavioral  measures,  it  would  be  extremely  helpful  to  have  physiological  indices  of  these 
fundamental  processes  in  learning.  We  have  developed  some  physiological  indices  that 
relate  to  storage  in  short-term  memory  and  to  semantic  processing,  and  therefore,  show 
great  promise  of  aiding  understanding  of  fundamental  processing  in  learning. 

Section  XI-A  outlines  the  general  nature  of  Evoked  Potential  (EP)  recording  of  brain 
activity  related  to  cognitive  performance.  It  describes  earlier  experimental  results  and 
the  early  use  of  multivariate  techniques  to  separate  F300  and  CNV.  Section  II-B  explains 
how  such  an  approach,  using  multivariate  analysis  techniques,  has  uncovered  a  brain 
activity  component  that  is  related  to  storing  information  in  memory  and  how  that  Storage 
Component  was  subsequently  used  to  predict  recall  in  s  cognitive  experiment  using  a 
behavioral,  probe  technique.  Section  IZ-C  concentrates  on  s  body  of  work  which  has  shown 
relations  between  connotative  meaning  of  words  and  brain  activity.  This  work  suggests 
that  the  brain  activity  in  different  individuals  is  sufficiently  similar  for  a  common 
model  to  discriminate  word  classes  significantly  better  than  chance.  Section  II-D 
extends  the  research  to  syntactic  performance  that  has  shown  s  basic  distinction  between 
two  syntactic  classes  of  words,  function  words  and  content  words.  Electrical  activity 
related  to  parsing  performance  in  sentences  that  contain  local  structural  ambiguities  has 
also  been  studied.  The  results  obtained  make  us  optimistic  about  the  utility  of  rtcou.a 
brain  activity  in  answering  these  and  other  questions  about  sentence  comprehension,  as 
well  as  other  kinds  of  cognitive  performance. 
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II .  Research  Background 

A.  Cognitive  Performance  and  Brain  Activity 

One  of  the  most  direct  methods  of  studying  the  neural  bases  for  learning  and  memory 
in  man  is  studying  Evoked  Potentials  (EPs)  and  performance  while  the  human  subject  is 
processing  information.  The  neurophysiological  evidence  may  not  only  set  limits  on  the 
kinds  of  models  that  may  be  reasonably  entertained  and  assist  in  differentiating  between 
competing  theories,  but  also  may  provide  new  indices  of  various  cognitive  processes. 
Evoked  Potential  research  provides  the  opportunity  to  look  within  the  black  box  between 
stimulus  and  behavioral  response,  because  systematic  brain  activity  can  be  recorded  dur¬ 
ing  this  stimulus-response  interval. 

Several  Evoked  Potential  components  have  been  related  to  various  information  pro¬ 
cessing  functions,  some  of  which  are  the  most  specific  cognitive  EP  components  yot  iden¬ 
tified.  For  example,  a  component  has  basn  found  thst  relates  to  memory  storage  of 
stimulus  information  (Chapman,  McCrary,  &  Chapman,  1978). 

Now  there  is  an  opportunity  to  study  both  electrical  and  magnetic  brain  activity  of 
human  subjects  while  they  process  cognitive  information,  with  the  research  based  on  care¬ 
ful  stimulus  control,  systematic  task  selection,  sophisticated  experimental  design,  and 
multivariate  data  analysis  techniques. 

In  general  this  research  is  at  the  confluence  of  several  scientific  disciplines, 
including  information  processing,  neurophysiology,  low-temperature  physics,  experimental 
psychology,  data  analysis,  and  modeling.  The  Evoked  Potential  is  the  only  response  now 
available  with  adequate  temporal  resolution  to  study  neurophysiological  activity  related 
to  central  processing  of  cognitive  information  in  intact  human  beings.  Behavioral  stu¬ 
dies  of  memory  and  cognitive  processes  have  depended  primarily  on  measures  of  perfor¬ 
mance,  e.g.,  speed  and  accuracy.  These  measures  are  limited  to  the  behavioral  output  of 
the  cognitive  processes  which  occur  between  the  stimuli  and  the  behavioral  responses. 
The  recording  of  brain  activity  occurring  between  the  stimuli  and  the  behavioral 
responses  affords  the  opportunity  of  not  only  using  another  class  of  measures,  but  more 
important,  using  measures  of  events  which  may  be  specifically  related  to  the  cognitive 
processes.  As  Posner  (197S)  has  pointed  out  for  the  study  of  attention,  the  field  of 
information  processing  ‘will  benefit  from  close  ties  between  human  performance  studies 
and  electrophysiological  explorations."  The  development  of  neuromagnetic  techniques  is 
providing  a  new  and  powerful  tool  to  aid  in  the  study  of  memory  and  learning. 

One  of  the  EP  components  which  has  received  a  great  deal  of  study  is  a  late,  posi¬ 
tive  wave  which  has  become  known  as  P3Q0.  P300  amplitudes  are  enhanced  by:  task-relevant 
stimuli  (Chapman  and  Bragdon,  1964);  an  occasional  stimulus  change  (e.g.  Ritter  Vaughan 
Costa,  1968);  a  signal  for  a  simple  or  choice  reaction  (e.g.,  Wilkinson  and  Morlock, 
1967);  the  detection  of  a  threshold  level  stimulus  (e.g.,  Hillyard,  Squires,  Bauer  and 
Lindsay,  1971);  a  stimulus  which  confirms  or  refutes  a  prior  guess  (e.g.,  Sutton,  Braren 
and  Zubin,  1965);  and  a  latter  which  completes  a  word  or  sentence  (e.g.,  Shelburne,  1972; 
Friedman,  Slmson,  Ritter  and  Rapln,  1975).  The  P300  seemr  to  be  independent  of  the  phy¬ 
sical  characteristics  of  the  target  and  non-target  stimuli,  so  long  as  they  are  discri¬ 
minate.  Indeed,  P300  can  be  triggered  by  a  target  cue  which  is  the  omission  of  a 
stimulus  from  a  repetitive  sequence  (for  review,  Plcton,  Hillyard,  and  Galambos,  1976). 
Much  of  the  data  on  the  P300  component  has  been  accumulated  in  three  experimental  para¬ 
digms:  the  guessing  or  prediction  paradigm,  the  counting  or  "oddball”  paradigm  and  the 
reaction  time  paradigm.  The  amplitude  of  P300  is  an  Inverse  function  of  the  predictabil¬ 
ity  of  the  stimulus  when  tha  subject’s  task  ia  to  guess  the  next  stimulus  in  the  sequence 
(e.g.,  Donchln  et  si.,  1973;  Sutton  et  al..  1965;  Tueting  et  al.,  1971).  However,  vary¬ 
ing  atimulus  probability  is  not  necessary  tor  varying  P300  amplitude  (Chapman,  1966, 
1969;  Chapman  and  Bragdon,  1964),  In  the  counting  paradigm,  a  random  aequence  of  two  or 
more  etimull  ie  presented  and  the  subject  is  instructed  to  covertly  count  one  of  the 
stimuli.  The  general  finding  ia  that  tha  P300  component  is  larger  to  the  counted 
stimuli,  especially  when  the  counted  stimuli  are  infrequent  (Courchesne  et  al.,  1975; 
Galambos,  Benton,  Smith,  Schulsan-Gaiambos ,  and  Osier,  19)5;  Hillyard,  Hlnk,  Schwent  and 
Picton,  1973;  Mast  and  Watson,  1968;  Picton  et  al.,  1974;  Picton  and  Hillyard,  1974; 
Squires,  et  al.,  1975).  When  the  same  sequence  of  stimuli  is  presented  under  "Ignore"  or 
"alternate  task"  conditions,  the  P300  is  small  or  absent.  Thus,  the  stimulus  probability 
is  not  a  sufficient  determinant  of  tho  P300.  It  appears  that  for  P300,  the  stimuli  must 
engage  substantial  cognitive  processing,  either  directly  required  by  the  task  or  Ini¬ 
tiated  by  subject  optione. 

In  most  of  the  paradigms  finding  P300  effects,  the  eliciting  stimuli  were  relevant 
to  the  subject's  task.  Since  Chapman  and  Bragdon’s  (1964)  early  demonstration,  the  evi¬ 
dence  continues  to  support  the  hypothesis  that  task-relevance  is  an  important  condition 
for  P300  elicitation  (Chepman,  1965,  1966,  1969,  1973,  1904;  Chapman,  McCrary,  Bragdon 
and  Chapman,  1979;  Donchln,  1968;  Donchln  end  Cohen,  1967;  Donchln  end  Smith,  1970;  Smith 
•t  el.,  1970;  Donald  and  Goff,  1971;  Eason,  Harter,  and  White,  1969;  Ford  et  al.,  1973; 
Friedman,  Slmson,  Ritter,  and  Rapln,  1975a;  Sheatz  and  Chapman,  1969). 

About  the  same  time  e*  the  early  report*  about  P300  (Chapman  t  Bragdon,  1964;  Sutton 
et  al.,  1965),  a  Contingent  Negetive  Variation  (CNV)  was  repotted  (Welter  et  al.,  1964) 
to  occur  in  anticipation  of  a  significant  stimulus.  A  controversy  then  developed  from 
t.ie  suggestion  that  rate  positive  effects  in  CPs  (e.g.,  p  3  0  0  )  may  be  nothing  more  than 


the  turning  off  of  a  preceding  cnv.  In  an  experiment  which  manipulated  both  (a)  stimulus 
relevance  and  (b)  expectancy  of  itimulua  relevance,  both  P300  and  CNV  were  obtained  by 
Principal  Components  Analysis  of  the  data  (Chapman,  1974).  In  that  analysis  the  com¬ 
ponents  were  orthogonal  and  thus  the  independence  of  P300  and  CNV  was  established.  This 
conclusion  is  consistent  with  other  analyses  of  the  same  question  (Chapman,  1973;  Don- 
chin,  Ritter,  Tueting,  Kutas  and  Heffley,  1974,  pp.  71-72).  Human  cognitive  experiments 
investigating  the  CNV  have  also  used  magnetic  techniques  (e.g.,  Fiumara,  Campitelli, 
Romani,  Leoni,  Caporali,  Zanasl,  Cappiello,  rioritl,  t  Modena,  1985). 

B.  Memory  Storage  Component  in  Evoked  Potentials 

That  sharper  distinctions  and  greater  specificity  of  the  relationships  between  cog¬ 
nitive  processes  and  EP  components  may  be  obtained  is  illustrated  next  (Chapman,  McCrary, 
Bragdon,  s  Chapman,  1979)  We  applied  multivariate  analysis  techniques  to  EP  data  obtained 
during  controlled  information  processing  tasks.  Principal  Components  Analysis  identified 
several  EP  components  which  were  functionally  related  to  various  aspects  of  information 
processing,  e.g.  letter  encoding,  alphabetic  comparison,  expected  stimulus  relevance,  and 
storage  of  information  in  short-term  memory. 

One  of  the  components  identified  in  the  analysis  (maximum  near  250  msec.)  was  found 
to  be  specifically  related  to  storage  of  stimulus  information.  Successful  task  perfor¬ 
mance  in  that  experiment  required  the  subject  to  store  in  his/her  memory  the  information 
contained  in  the  first  relevant  stimulus,  which  occurred  randomly  in  either  the  first  or 
second  intra-trial  position.  We  reasoned  that  irrelevant  Information  as  well  may  be 
stored  when  the  first  stimulus  is  presented  since  there  is  no  previous  short-term  memory 
load  at  that  time  in  the  trial.  In  agreement  with  this  analysis,  the  "storage"  component 
scores  were  relatively  high  under  the  appropriate  conditions.  The  pattern  of  scores  for 
the  BP  "storage"  component  agreed  with  this  information  storage  interpretation,  whereas 
other  EP  components  in  the  same  experiment  showed  a  different  pattern.  The  "storage" 
component  (Component  3)  was  not  like  P300  (Component  2)  which  had  relatively  high  scores 
for  all  relevant  stimuli,  not  just  relevant  stimuli  in  intra-trial  positions  1  and  2.  Nor 
was  the  "storage"  component  like  CNV-resolution  (Component  1)  which  related  to  expectancy 
of  relevant  stimuli.  Nor  was  the  "storage"  component  attributable  to  differences  in  phy¬ 
sical  stimulation,  since  both  numbers  and  letters  gave  relatively  high  or  low  scores 
depending  on  whether  or  not  they  were  being  stored  by  the  subject.  Furthermore,  the  tim¬ 
ing  of  the  "storage"  component  is  appropriate  for  information  storage,  namely  near  250 
msec.,  when  the  short-term  visual  storage  fades  (Sperling,  I960).  This  "storage"  com¬ 
ponent  may  not  have  been  detected  in  other  EP  experiments  because  the  peak  of  this  com¬ 
ponent  tends  to  occur  shortly  after  a  prominent  positive  peak  in  EPs  and  special  measure¬ 
ment  techniques,  such  as  Principal  Components  Analysis,  more  clearly  reveal  it.  The 
"storage"  component  appears  to  be  robust,  having  bean  found  in  strikingly  similar  form  in 
additional  experiments  that  use  three  different  stimulus  intensity  levels  spaced  1.0  log 
unit  apart  (Chapman  et  al . ,  1978).  The  coefficients  of  factorial  similarity  among  four 
data  sets  ranged  between  0.85  and  0.99. 

It  was  important  to  check  more  directly  the  storage  interpretation  by  a  behavioral 
experiment  specifically  designed  to  assess  storage  in  short-term  memory  under  the  same 
experimental  conditions  (Chapman  et  al.,  1973).  The  behavioral  experiment  used  a  memory 
probe  technique  to  test  subjects'  recall  of  individual  stimuli  for  each  of  the  conditions 
in  the  electrophysiological  experiments.  The  pattern  of  correct  recalls  obtained  from  52 
subjects  was  strikingly  similar  to  the  pattern  of  "storage"  component  scores.  CNV  and 
P300  component  measures  were  poor  predictors  of  recall  performances  (Chapman  et  al., 
1981).  This  is  one  of  the  few  occasions  that  performance  on  a  cognitive  task  was 
predicted  first  from  electrophysiological  data. 

C.  Connotatlve  Meaning 

Internal  representation  of  meaning  (specifically,  connotative  semantic  processing) 
can  be  assessed  by  analysis  of  Evoked  Potentials  (Chapman,  Bragdon,  Chapman,  and  McCrary, 
1977;  Chapman,  McCrary,  Chapman,  and  Bragdon,  1978;  Chapman,  1979;  etc.).  EPs  were  aver¬ 
aged  to  many  visually  presented  word  stimuli  whose  semantic  meanings  were  specified  along 
Osgood's  semantic  dimensions  of  Evaluation,  Potency,  and  Activity  (E,  P,  A)  (Miron  and 
Osgood,  1966;  Osgood,  1952,  1964,  1971).  Multivariate  analyses  classified  the  EPS  to  the 
six  multidimensional  semantic  classes  (Et,  E-,  P+,  P-,  A+,  A-)  with  success  rates  more 
then  twice  chance  expectation.  The  pattern  of  brain  activity  related  to  the  six  semantic 
classes  was  similar  for  (i)  two  sets  of  words,  (ii)  different  subjects  used  to  develop 
the  analyses,  and  (ill)  new  subjects.  The  finding  that  the  EP  effects  related  to  conno¬ 
tative  meaning  held  for  all  of  the  subjects  suggests  that  the  physiological  representa¬ 
tion  of  meaning  is  similar  in  different  individuals.  This  was  not  a  result  we  were 
expecting,  which  made  its  appearance  all  the  more  refreshing. 

In  an  extension  of  this  research  (Chapman,  McCrary,  Chapman,  and  Martin,  1980,  we 
studied  the  effects  of  two  kinds  of  experimental  manipulation  of  semantic  meaning:  (1) 
the  semantic  class  of  the  stimulus  word  used  above,  and  (2)  the  dimension  of  the  semantic 
scale  (E,  P,  A)  which  the  subject  used  to  make  semantic-differential  judgments  about  the 
stimulus  words.  These  variables  were  experimentally  combined  in  that  for  each  trial  the 
subject  used  a  designated  semantic  scale  to  judge  s  specified  stimulus  word.  Would  we  be 
able  to  see  in  the  brain  response  to  a  word,  particular  effects  related  to  the  meaning  of 
the  word  and  alto  other  effects  related  to  the  judgment  scale  used  oy  the  subject7 

Overall,  the  unidimensional  analytes  of  word  meanings  (classifying  EPs  along  one 
semantic  dimension  at  a  time)  had  an  average  apparent  success  of  94t  and  average 
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jackknifed  cross-validation  success  of  871.  It  is  to  be  noted  that  this  success  rate  was 
obtained  across  subjects;  the  same  classification  functions  were  used  for  all  ten  sub¬ 
jects,  When  the  same  classification  functions  were  applied  to  the  EP  data  obtained  from 
a  second  word  list,  the  overall  success  rate  was  74%.  These  success  rates  are  very  simi¬ 
lar  to  the  corresponding  rate  obtained  in  our  previous  results  when  the  subjects  were 
merely  repeating  tho  words  (compare  94%  to  97%,  87%  to  90%,  70%  to  73%  for  the  E,  P,  and 
A  dimensions).  Separate  analyses  identified  word  class  and  scale  dimension  effects  in 
the  EPS  at  better  than  chance  levels  and  indicated  that  their  effects  do  not  interact. 
The  evidence  indicates  that  at  least  two  kinds  of  semantic  information  are  available  in 
EPs;  (1)  processing  of  the  semantic  meaning  in  words,  regardless  of  the  semantic- 
differential  scale  being  used  by  the  subject,  and  (2)  semantic-differential  scale  dimen¬ 
sion  being  used  by  the  subject,  regardless  of  the  semantic  content  of  the  words. 

D.  Syntactic  Differences  in  Words  and  Linguistic  Processing 

Additional  studies  were  directed  toward  evaluating  EP  sensitivity  to  syntactic 
differences  in  words.  A  basic  distinction  in  the  lexicon  has  been  proposed  between  two 
syntactic  classes  of  words,  function  words  and  content  words.  There  is,  in  fact,  some 
evidence  that  function  and  content  words  do  result  in  different  EPs  (Rutas  and  Hillyard, 
1983).  Word  length  and  normative  frequency  were,  however,  not  controlled  and  both  of 
these  are  confounded  with  word  class. 

Controlling  for  these  variables  Garnsey  and  Chapman  (1985;  Garnsey,  1985)  measured 
reaction  times  ( RTs )  and  evoked  potentials  (EPs)  for  function  and  content  words  during  a 
lexical  decision  task.  The  RT  data  revealed  no  differences  between  function  and  content 
words.  On  the  other  hand,  the  EPs  showed  differences  not  only  between  word  and  nonword 
stimuli  but,  more  important,  were  significantly  different  for  function  and  content  words. 
Thus,  there  is  evidence  that  separable  aspects  of  this  important  linguistic  distinction 
can  be  detected  in  EP  data  that  cannot  be  found  in  RT  data. 

Rutas  and  Hillyard  (1980a, b)  found  a  late  negativity  in  the  EP  associated  with  words 
that  completed  a  sentence  in  a  semantically  anomalous  fashion. 

Part  of  understanding  a  sentence  is  understanding  the  grammatical  relationships 
among  the  words.  The  part  of  the  comprehension  process  that  assigns  grammatical  roles  to 
words  has  also  begun  to  be  studied  using  Evoked  Potential  techniques  (Garnsey,  Tanenhaus, 

4  Chapman,  1987).  Sentences  that  contain  local  structural  ambiguities  provide  a  window 
into  the  comprehension  process.  Ambiguity  like  this  is  pervasive  in  language  and  is  a 
problem  the  parser  must  deal  with  regularly.  Discovering  how  the  parser  handles  ambigu¬ 
ous  sentences  could  tell  us  much  about  general  principles  that  the  parser  uses. 

Different  parsing  strategies  make  different  predictions  about  what  happens  during 
the  comprehension  of  a  sentence;  therefore,  it  is  helpful  to  have  a  response  measure  that 
can  monitor  comprehension  processes  as  they  occur.  Evoked  Potentials  (EPS)  were  used  to 
look  at  filler-gap  sentences  because  EPs  can  provide  s  profile  across  time  while  subjects 
read  sentences  presented  one  word  at  a  time.  Exploiting  the  finding  that  the  N400  com¬ 
ponent  of  the  EP  is  sensitive  to  a  word's  implausibility  in  context  (Rutas  &  Hillyard, 
1980a, b),  the  approach  of  Garnsey,  Tanenhaus,  and  Chapman  (1987)  has  been  to  measure  EPs 
during  structurally  ambiguous  sentences.  Sentences  were  constructed  so  that  if  the  ambi¬ 
guity  is  resolved  in  one  of  the  possible  ways,  an  anomaly  results,  while  there  is  no 
anomoly  with  the  other  possible  resolution.  Thus,  the  occurrence  of  N400  can  be  used  as 
a  diagnostic  for  showing  which  path  is  initially  chosen.  The  results  obtained  make  us 
optimistic  about  the  utility  of  the  EP  in  answering  many  questions  about  sentence 
comprehension . 


III.  Prospects  for  Electrical  and  Magnetic  Recording 

It  has  become  possible  to  study  spontaneous  and  evoked  brain  activity  by  neuromag- 
netic  measurements  and  significant  results  have  been  achieved  in  the  last  few  years. 
This  new  approach,  in  conjunction  with  the  well  established  electrical  one,  holds  great 
promise.  The  neursmagnetic  method  has  proved  to  be  particularly  fruitful  in  the  investi¬ 
gation  of  primary  cortical  areas,  the  investigation  of  event-related  fields  is  now  at  a 
preliminary  stage.  Nevertheless,  the  first  findings  obtained  in  a  few  laboratories  sug¬ 
gest  that  the  magnetic  technique  is  likely  to  become  a  powerful  tool  for  the  6tudy  of 
higher  levels  of  brain  functions.  Indeed,  the  spatial-temporal  expression  of  magnetic 
fields  and  electric  potentials  produced  by  the  nervous  system  contains  different  informa¬ 
tion  which  can  be  exploited  for  the  study  of  brain  activity  related  to  information  pro¬ 
cessing  . 

A  procedure  for  utilising  simultaneous  magnetic  and  electrical  recording  has  been 
developed  which  we  call  the  Relative  Covariance  method.  It  has  been  successfully  applied 
to  two  different  problems;  alpha  EEG  (Chapman,  Ilnoniemi,  Barbanera,  and  Romani,  1984; 
Romani  4  Leoni,  1935;  limoniemi,  1985)  and  epiloptic  EEG  (Chapman,  Romani,  Barbanera, 
Leoni,  Modena,  Ricci,  and  Campitelli,  1983;  Ricci,  Leoni,  Romani,  Campitelli,  Buonomo, 
and  Modena,  .1985). 

For  each  magnetomater  location,  the  ratio  of  the  covariance  of  the  magnetic  and 
electric  aignals  co  the  electric  variance  was  calculated,  producing  a  Relative  Covariance 
sap  reflecting  the  magnetic  field  pattern.  The  Relative  Covariance  method  is  a  measure¬ 
ment  method  that  can  be  applied  to  the  signals  obtained  by  the  recording  instruments 
before  the  modeling  and  interpreting  of  the  relationship  between  sources  and  field 
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di • t r ibut ion* .  It  deals  with  the  question  of  what  to  us*  as  tho  measures  to  be  inter¬ 
preted.  It  would  be  advantageous  to  use  measures  which  have  greater  stability  and  a  ten¬ 
dency  to  measure  fewer  phenomena,  The  stability  of  the  Relative  Covariance  method  stems 
frum  (i)  its  integration  over  time,  (ii)  the  fact  that  it  is  relative  to  another  simul¬ 
taneous  measure,  and  (iii)  its  filtering  out  other  phenomena.  The  tendency  to  measure 
fewer  phenomena  is  achieved  by  its  filtering  action;  the  covariance  operation  may  be 
viewed  as  passing  the  magnetic  data  through  the  EEQ  data  acting  as  a  filter.  This  Rela¬ 
tive  Covariance  method  may  prove  generally  useful  in  studying  and  localising  bioelectri¬ 
cal  sources  such  as  spontaneous  brain  rhythms,  epileptic  activity,  and  EPs  related  to 
cognitive  performance. 

Electrophysiological  and  behavioral  research  has  pointed  to  meaningful  components 
and  temporal  relations  in  Evoked  Potentials  that,  in  conjunction  with  behavioral  meas¬ 
ures,  could  elucidate  targeted  cognitive  processes.  This  research  has  not  only  involved 
P300  and  CNV  components,  but  also  has  utilised  other  components  that  may  be  measured  and 
related  to  significant  processes,  including  short-term  memory  and  linguistic  processing. 
Combined  measurement  of  magnetic  fields  and  alactric  potentials  will  lead  to  significant 
progress  in  the  investigation  of  the  described  cerebral  functionings.  The  rdvent  of  large 
multichannel  magnetic  systems  is  an  important  stop  in  achieving  this  goal  ind  increases 
the  scopo  of  p  ssibllities. 

Research  on  cognitive  processes  using  evoked  potentials  has  achieved  interesting, 
challenging  results  concerned  with  short-term  memory  and  with  semantic  processing.  Wo 
anticipate  that  systematic  investigation  of  these  areas  with  the  combined  techniques  of 
electrical  and  magnetic  recording  will  provide  a  powerful  approach  to  understanding  sig¬ 
nificant  aspects  of  cognitive  processes  and  brain  activity. 
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GEVINS,  US:  My  questions  relate  to  the  topographic  maximum  of  the  open  versus  closed  class  effect.  In 
the  experiment,  you  showed  the  factor  which  had  the  highest  loading  on  the  open  versus  closed  class  word 
distribution.  Could  you  comment  on  why  that  factor  had  the  most  differentiation  In  Ct?  Could  you  also 
comment  an  the  lack  of  a  strong  effect  on  your  posterior  parietal  electrode,  and  the  effect  on  the  pre¬ 
frontal  electrode? 

CHAPMAN,  US:  These  analyses  are  not  completed  yet,  to  I'm  not  very  comfortable  anewering  those  ques¬ 
tions,  I  can  say  that  one  of  tha  differences  between  an  open  and  closed  claea  function  la  that  they  show 
up  In  brain  damaged  patients  with  differential  effects,  which  suggests  that  they  ought  to  be  located  In 
different  regions  in  the  brain. 
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SUMMARY 


The  influence  of  two  decisive  parameters  of  the  acoustic  stimulus  -  frequency  and 
intensity  -  on  the  auditory  evoked  magnetic  field  in  response  to  tone-burst  stimulation 
was  investigated  in  four  normal-hearing  subjects.  The  influence  was  quantified  in  terms 
of  changes  of  the  parameters  of  an  equivalent  current  dipole  (spatial  coordinates, 
direction,  and  strength).  The  frequency  dependence  was  investigated  by  varying  the  car¬ 
rier  frequency  of  the  tone-burst  between  250  and  4000  Hi  in  octave  steps  with  the  inten¬ 
sity  kept  constant  at  60  dB  HL,  while  the  intensity  dependence  was  investigated  by  vary¬ 
ing  the  intensity  of  a  1000  Hs  tone-burst  between  30  and  80  dB  HL  in  10  dB  steps.  The 
parameters  of  an  equivalent  current  dipole  (BCD)  were  determined  such  that  a  maximum 
correspondence  between  observed  and  calculated  field  distribution  (semi-infinite  volume 
model)  was  obtained.  The  main  results  are  as  follows!  The  location  of  the  ECD  changes 
significantly  as  a  function  of  test  frequency  and  intensity.  Especially  the  depth 
increases  with  the  logarithm  of  test  frequency  which  proves  that  also  in  humans  the 
tonotopic  organization  of  the  cochlea  is  maintained  in  the  auditory  cortex.  The 
decrease  in  depth  of  the  ECD  with  increasing  stimulus  intensity  supports  the  hypothesis 
that  place  mechanisms  also  play  a  role  for  intensity  coding. 


INTRODUCTION 


The  most  intricate  encoding  of  sound  in  the  peripheral  hearing  organ  is  unique  for 
all  sensory  systems.  Even  before  the  mechsno-electric  transduction  takes  place,  the 
sound  signal  -  conducted  to  the  inner  ear  with  equal  group  delay  -  undergoes  a  remark¬ 
able  spatio-temporal  dispersion!  It  gives  rise  to  a  travelling  wave  which  assumes  an 
amplitude  maximum  at  a  place  more  or  less  distant  from  the  stapes,  depending  on  fre¬ 
quency.  High  frequency  components  of  the  sound  signal  are  represented  at  the  beginning, 
lower  ones  at  the  end  of  the  cochlear  partition,  and  the  scale  of  this  "tonotopic" 
representation  is  a  logarithmic  one.  By  this  way,  frequency  information  is  encoded  as 
place  information  at  the  cochlear  level .  Closely  related  to  this  spatial  dispersion  is 
a  temporal  dispersion  caused  by  the  different  travel  time  which  increases  exponentially 
with  increasing  distance  from  stapes.  But  not  only  frequency  determines  the  representa¬ 
tion  of  a  sound  signal  along  the  cochlear  partition;  it  is  also  distinctly  influenced 
by  the  intensity  of  the  sound  signal  in  a  higly  non-linear  manner!  The  excitation 
spreads  with  higher  Intensity,  recruiting  additional  nerve  fibres  into  the  active  popu¬ 
lation  (1)  which  again  is  an  expression  of  a  place  mechanism. 

Hence  it  has  been  intriguing  to  investigate  to  what  extent  such  place  mechanisms  can 
be  traced  throughout  the  central  auditory  pathways.  Place  mechanisms  in  frequency 
coding  have  been  considered  for  more  than  a  century.  The  Idea  of  a  tonotopic  organiza¬ 
tion,  l.e.  the  arrangement  of  structural  elements  of  the  auditory  system  (such  as  recep¬ 
tors  or  neurons)  in  space  according  to  that  frequency  to  which  they  respond  best  ("best" 
or  “characteristic"  frequency)  was  conceived  long  before  physiological  measurements 
could  be  done.  It  is  as  old  as  the  renowned  hearing  theory  of  Hermann  von  Helmholtz 
(1862)  according  to  which  radial  fibres  of  the  basilar  membrane  In  the  cochlea  form  a 
set  of  resonators,  like  the  strings  of  a  piano.  Though  the  resonance  theory  of  von 
Helmholtz  was  later  superseded  by  more  sophisticated  hearing  theories,  one  principle 
remained  unchallenged:  the  place  principle  -  which  is  of  cause  not  sufficient  to 
explain  all  pitch  sensations,  e.g.  that  of  complex  tones.  But  physiological  research  - 
from  G.  von  BAkAsy  (2)  to  S.M.  Khanna  (3)  -  have  safely  established  the  basis  for 
the  tonotopy  at  the  cochlear  level i  the  mechanics  of  the  cochlea.  Microelectrode 
studies  gave  further  evidence  that  the  tonotopic  organization  is  maintained  in  different 
nuclei  and  fibre  tracts  of  the  central  auditory  pathway  (4),  and  this  is  even  true  for 
the  primary  auditory  cortex  as  was  established  in  several  experimental  animal  species, 
e.g.  for  the  monkey  (5),  the  squirrel  (6)  and  the  cat  (7). 

Less  attention  has  been  paid  to  place  mechanisms  for  intensity  coding.  Phillips  et 
al.  (8)  recently  detected  cells  in  the  AI  cerebral  cortex  of  the  cat  and  the  monkey 
displaying  non-monotonlc  rate-vs . -intensity  functions.  The  most  effective  stimulus 
intensity  differed  from  one  cell  to  the  next,  i.e.  similar  to  the  best  frequency  there 
exists  a  "best"  Intensity  to  which  the  cells  respond  best.  Changing  SPL  results  in  a 
shift  in  the  active  neuronal  population  such  that  many  neurons  once  maximally  active 
become  less  so  while  others  marginally  active  or  unresponsive  are  brought  to  maximal 
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response  (9),  a  finding  which  inads  to  the  hypothesis  of  a  place  mechanism  of  intensity 
coding  which  has  not  beon  tested  yet  in  either  cat  or  monkey.  However,  evidence  for  an 
"amplitopic  organization"  has  been  obtained  for  the  primary  auditory  cortex  of  the 
mustache  (10). 

This  increasing  interest  in  the  structural  and  functional  organization  of  auditory 
cortical  projection  areas  was  also  induced  by  the  development  of  cochlear  implants  to 
stimulate  persisting  auditory  nerve  fibres  in  totally  deaf  patients.  It  goes  without 
saying  that  the  primary  interest  was  for  the  human  auditory  cortex  in  the  hope  to 
improve  stimulation  and  encoding  strategies  for  the  artifical  auditory  stimulation.  But 
investigations  in  humans  failed.  Celesia  (11)  who  recorded  auditory  evoked  responses 
from  the  exposed  human  cortex  during  neurosurgery,  could  not  find  significant  differen¬ 
ces  between  responses  to  tone-bursts  of  600  and  1000  Hz. 

Hence  it  was  likely  to  tackle  the  problem  indirectly  by  applying  dipole  localization 
methods  (DLM).  DLM  are  mathematical  procedures  which  allow,  under  certain  limiting 
assumptions,  to  localize  a  dipole  in  a  body  by  approximating  a  calculated  surface  dis¬ 
tribution  of  electric  potentials  or  magnetic  fields  to  the  observed  one.  A  basic  prere¬ 
quisite  for  the  application  of  DLM  to  evoked  neural  activity  is  that  a  population  of 
neural  generators  in  the  brain  which  are  lying  closely  together  and  .  are,  to  a  large 
extent,  parallely  oriented  in  space,  is  simultaneously  brought  to  discharge.  The  single 
current  dipoles  representing  the  intracellular  current  flow  in  the  dendrites  of  the 
individual  neurons  can  then  be  regarded  in  terms  of  a  so-called  equivalent  current 
dipole  (BCD),  which  is  the  vectorial  integral  of  all  individual  dipoles  and  is  located 
in  the  "centre  of  gravity"  of  the  excited  neuronal  population.  We  know  from 
histological  studies  as  well  as  from  evoked  potential  studies  that  this  prerequisite  is 
given  for  most  of  the  nuclei  and  fibre  tracts  of  the  central  auditory  pathway  though  we 
have  to  be  aware  of  the  fact  that  more  than  one  population  may  be  active  at  the  same 
time.  With  respect  to  cortical  evoked  responses,  sources  of  neural  activity  seem  to  be 
ensembles  of  dipolar  current  sources  oriented  parallel  to  each  other  and  perpendicular 
to  the  cortical  surface  (12).  If  the  activated  cortical  area  happens  to  be  located  in  a 
sulcus,  than  the  case  arises  that  the  main  ECD  component  is  lying  tangential  to  the 
surface  of  the  skull . 

As  mentioned  before,  DLM  can  be  based  on  measurements  either  of  the  scalp  distribu¬ 
tion  of  electric  potentials  or  that  of  magnetic  fields.  There  are  several  pros  and  cons 
associated  with  both  methodologies.  The  electric  potential  distribution  is  brought 
about  by  volume-conducted  extracellular  currents  whose  propagation  is  considerably  dis¬ 
torted  by  the  anisotropic  tissues  from  brain,  skull  and  scalp.  Its  spatial  resolution 
is  poorer,  and  there  exists  the  need  for  a  reference  electrode.  On  the  other  hand,  only 
the  tangential  component  of  a  current  dipole  gives  rise  to  a  magnetic  field  normal  to 
the  surface  which  is  measurable  outside  the  head  (13).  There  are  two  major  implications 
associated  with  this  fact:  The  more  radial  the  dipole  is  oriented  or  the  closer  the 

dipole  is  located  to  the  centre  of  a  sphere  (which  is  a  rough  approximation  of  the 
head),  the  smaller  is  the  field  which  can  be  measured  outside  the  skull,  i.e.  deep  sour¬ 
ces  are  difficult  or  not  to  detect.  Another  shortcoming  associated  with  these  physical 
limitations  of  biomagnetic  measurements  is  that  expensive  equipment  (multichannel  squid 
system,  magnetically  shielded  room)  is  needed,  at  least  for  routine  investigations. 

Scherg  and  von  Cramon  (14)  who  employed  dipole  localization  methods  based  on  the 
scalp  distribution  of  evoked  potentials  described  the  slow  cortical  auditory  evoked 
potential  in  terms  of  tangential  and  radial  "dipole  source  components".  They  did  not 
consider  the  tonotopic  organization,  but  one  important  finding  is  that  the  main  dipole 
component  is  the  tangential  one  which  is,  as  mentioned  above,  a  prerequisite  for  neuro- 
magnetic  measurements. 

It  was  in  1978  when  the  transient  auditory  evoked  magnetic  field  (AEF)  elicited  with 
brief  clicks  was  first  detected  by  Reite  et  al  (15).  Since  then  it  has  been  shown  in 
quite  a  few  papers  that  biomagnetic  measurements  are  indeed  a  highly  appropriate  tool 
for  the  investigation  of  cortical  auditory  evoked  activity.  Before  addressing  to 
special  aspects  of  AEF  it  seems  to  be  justified  to  begin  with  briefly  summarizing  the 
characteristic  features  of  AEF.  It  was  shown  that 

(1)  the  ECD  is  located  in  the  parieto-temporal  region  and  is  oriented  in  superior- 

inferior  direction,  being  almost  perpendicular  to  the  Sylvian  fissure  (e.g.  16,  17, 

18,  19), 

(2)  the  ECD  is  located  approx.  14  mm  posterior  in  the  left  hemisphere  as  compared  to  the 
right  hemisphere  (eg.  20,  21), 

(3)  the  strength  of  the  magnetic  field  is  generally  stronger  over  the  left  hemisphere  as 

compared  to  the  right  hemisphere  (e.g.  20,  22), 

(4)  contralateral  stimulation  produces  stronger  fields  than  ipsilateral  or  binaural 

stimulation  does  (e.g.  20,  23,  24), 

(5)  the  100  ms  component  occurs  approx.  9  ms  earlier  with  contralateral  stimulation  as 

compared  to  ipsilateral  stimulation  (o.g.  17,  22,  23), 

(6)  the  depth  of  the  ECD  generated  by  steady-state  stimulation  increases  with  the 

logarithm  of  test  frequency  (e.g.  25,  26),  and 

(7)  statements  (2)  and  (3)  hold  only  for  right-handed  subjects  while  the  reverse  is  true 
for  left-handed  subjects  (27,  28). 

Whereas  the  tonotopic  organization  of  the  human  auditory  cortex  has  been  studied 
using  the  steady-state  response  (25)  and  the  transient  evoked  response  (18,  29,  30),  the 
hypothesis  whether  there  exists  an  amplitopic  organization  of  the  human  auditory  cortex 


has  not  at  all  baan  taatad  ao  far.  This  gave  riaa  to  our  study  of  both  the  tonotopic 
and  tha  anpli.  topic  organisation  of  the  human  auditory  cortex,  baaed  on  tone-bur  at  evoked 
oortlcal  magnetic  field*. 


XATSRIAL  AMD  METHODS 


Since  the  technique  of  stimulation,  data  collection  and  data  processing  is  published 
elsewhere  in  great  detail  (22,  24,  31)  it  shall  be  repeated  only  in  brief  outlines. 
Subjeots  were  four  normal-hearing,  paid  volunteers  two  of  whom  were  right-handed  and  two 
left-handed.  To  obtain  maximum  possible  field  amplitudes,  the  left  hemisphere  was 
investigated  in  right-handed  subjects  and  vice  versa,  using  contralateral  stimulation 
with  tone-bursts  with  a  duration  of  500  ms  and  rise/decay  times  of  15  ms.  To  study  the 
frequency  dependence,  the  carrier  frequency  of  the  tone-burst  was  varied  between  250  and 
4000  Hs  in  octave  steps  with  the  intensity  kept  constant  at  £0  dB  HL,  while  the  inten¬ 
sity  dependencs  was  studied  with  1000  Hs  tone-bursts  whose  intensity  was  varied  between 
30  and  80  dB  HL  in  10  db  steps.  Measurements  were  carried  out  in  an  electrically,  but 
not  magnetically  shielded  room.  The  radial  field  component  of  the  evoked  field  was 
measured  at  50-60  posititions  over  the  scalp  using  a  single-channel  SQUID  (BTI )  equipped 
with  a  second-order  gradiometer.  Partial  averages  of  the  filtered  waveforms  or  indivi¬ 
dual  responses  were  stored  in  a  Prime  computer  system.  Off-line  data  processing  consis¬ 
ted  in  compilation  of  data  matrices  for  each  sampling  instant  from  corresponding  samples 
recorded  at  each  position.  These  matrices  served  to  generate  isocontour  plots  after 
interpolation  and  filtering  as  well  as  to  calculate  the  BCD  parameters  including  the 
goodness  of  fit,  from  which  time  functions  were  composed  and  plotted. 

Pig.  1  shows  a  lateral  view  of  the  head  with  the  sampling  positions  inserted)  a 
rectangular  grid  (reference  T3  and  T4,  resp, )  with  an  intercept  of  1.5  cm,  indicating 
the  area  scanned.  On  top  of  the  sampling  positions  an  exemplary  set  of  raw  data  la 
Inserted  from  which  the  polarity  reversal  of  the  field  distribution  along  the  Sylvian 
fissure  is  evioent. 


Fig.  li  Sampling  matrix  with  its  reference  in  T3,  projected  onto  the  con¬ 
tours  of  the  supralateral  surface  of  the  left  cerebral  hemisphere  with  the 
acoustic  area  AI  (Brodmann  areas  41  and  42)  and  the  secondary  acoustic  area 
All  (Brodmann  areas  21  and  22).  On  top  of  the  sampling  positions  an  exemplary 
set  of  raw  data  Is  inserted. 
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Fig.  2 i  Isof laid  contour  maps  computed  for  fiva  consecutive  instants  around 
the  100m  component,  illustrating  the  dependence  of  the  field  distribution  on 
the  frequency  of  the  test  stimulus  and  the  time  elapsed  since  stimulus  onset 
(inserted  on  top  of  each  map).  The  field  strength  ia  encoded  using  a  grey 
scale,  the  spacing  between  two  adjacent  isocontour  lines  being  40fT.  Areas 
between  isocontour  lines  are  shaded  according  to  field  strength.  The  heavy 
lines  designate  zero  field  strength,  darker  areas  outward  going  magnetic  flux, 
brighter  ones  inward  going  flux.  The  cross  indicates  the  origin  of  the  coor¬ 
dinate  system.  The  dark  arrow  represents  the  location  and  the  angle  of  the 
equivalent  current  dipole  in  the  tangential  plane,  its  length  being  propor¬ 
tional  to  the  dipole  moment  (length  of  the  arrow  head  corresponds  to  10  nAm) . 
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FREQUENCY  DEPENDENCE 


Fig*.  2  and  3  show  aalaotad  aeta  of  iaoaontour  nap*,  caXculatad  for  aaoh  taat  fre¬ 
quency  invaatigatad,  for  time  inatanta  every  4  ma  around  tha  two  moat  prominent  peaks 
whoaa  latancias  ara  approx.  100  and  160ms  (thay  will  ba  rafarrad  to  as  100m  and  160m). 
Bach  column  was  obtainad  with  a  diffarant  taat  fraquancy.  Though  tha  figuraa  parmit  tha 
inferanca  that  tha  fiald  distribution  changaa  with  both  time  alapaed  since  stimulus 
onsat  and  fraquancy  of  tha  stimulus  thay  do  not  allow  to  quantify  tha  affect  of  both 
variables . 


Fig.  4i  Time  dependence  of  the  parameters  of  the  equivalent  current  dipole 
and  of  the  goodness  of  fit.  Only  those  values  are  plotted  which  have  a  good¬ 
ness  of  fit  better  than  75%. 


Temporal  aspects  become  evident  from  the  time  functions.  A  set  of  such  functions, 
obtained  from  one  representative  subject  for  all  frequencies  investigated,  is  shown  in 
Fig.  4.  Different  test  frequencies  can  be  distinguished  by  different  symbols.  Only 
those  parameter  values  were  plotted  whose  goodness  of  fit  exceeds  754.  As  to  be  expec¬ 
ted,  the  goodness  of  fit  is  highest  when  the  amplitude  of  the  dipole  moment  is  maximal. 
Except  of  the  angle,  there  is  an  obviously  different  behaviour  of  the  parameters  of  com¬ 
ponents  100  m  and  160m.  In  the  case  of  the  100m  component,  the  position  in  the  tangen¬ 
tial  plane,  for  most  test  frequencies  also  the  depth,  remains  fairly  constant  around  the 
maximum  of  the  dipole  moment.  In  the  case  of  the  160m  component,  however,  we  find  a 
certain  systematic  change  with  time  of  the  position  in  the  tangential  plane  while  no 
systematic  behaviour  can  be  detected  with  respect  to  depth. 

The  influence  of  stimulus  frequency  becomes  more  obvious  when  the  BCD  parameters  of 
specified  response  components  are  plotted  as  a  function  of  frequency.  This  was  done  for 
components  100m  and  160m  (Figs.  5  and  6).  Both  components  ware  determined  in  time  by  an 
extremum  of  the  dipole  moment  in  the  time  function.  A  general  observation  is  that  the 
data  of  the  100m  component  are  more  consistent  than  those  of  the  later  component  160m 
which  exhibit  a  more  pronounced  interindividual  variability.  The  dipole  moment  of  the 
lOOra  component  (Fig.  5)  changes  only  gradually  with  frequency.  The  mean  is  virtually 
constant,  independent  of  frequency,  except  of  the  lowest  test  frequency  investigated 
where  it  ia  slightly  diminished.  The  data  of  the  dipole  moment  computed  for  the  160m 
component  are  less  consistent,  but  again  the  mean  does  not  show  a  significant  frequency 
dependence.  The  functions  obtained  for  the  dipole  angle  (Fig.  5)  do  not  show  a  systema¬ 
tic,  monotonous  frequency  dependence,  neither  for  the  100m  nor  for  the  160ra  component. 
The  individual  variability  would  be  basically  similar  for  both  compononts  if  there  was 
not  one  case  with  a  distinct  smaller  angle  for  the  160m  component. 
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Fig.  5i  Amplitude  (left  column)  and  angle  (right  column)  of  the  moment  of 
the  equivalent  current  dipole  as  a  function  on  test  frequency,  computed  for 
component  100m  (top)  and  160m  (bottom). 
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Fig.  6 i  Location  of  the  equivalent  current  dipole  in  the  tangential  plane 
(left  column),  computed  for  component  100m  (top)  and  160m  (bottom).  Different 
symbols  and  different  patterns  are  used  to  distinguish  between  different 
frequencies  and  subjects.  The  right  column  shows  the  dependence  of  the  depth 
of  the  equivalent  current  dipole  on  test  frequency,  computed  for  component 
lOOm  (upper  half)  and  component  160m  (lower  half). 
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Fig,  5  show*  the  projection  of  the  dipole  locations  onto  the  tangential  plane  as  well 
as  the  depth  of  the  equivalent  current  dipole  as  a  function  of  test  frequency.  For  both 
components  (100m  and  160m)  the  x-y-coord.lnates  form  circumscribed  clusters  in  each  sub¬ 
ject,  though  they  scatter  a  little  more  for  the  160m  component.  If  the  frequency  is 
increased  from  250  to  4000  Hz  the  mean  x-position  of  the  100m  component  is  shifted  in 
posterior  direction  by  approx.  6  mm  while  no  significant  shift  was  observed  in  superior- 
inferior  direction.  The  values  of  the  depth  calculated  for  the  100m  component  are  very 
consistent  and  show  an  obvious  logarithmic  dependence  on  test  frequency.  In  contrast  to 
that,  the  results  computed  for  the  160m  component  do  not  show  a  similar  behaviour.  In 
the  case  of  the  100m  component,  we  found  an  almost  pure  logarithmic  dependence  on  fre¬ 
quency  and  a  negligible  interindividual  variability.  The  160m  component,  however, 
exhibits  a  pronounced  deviation  from  a  logarithmic  function  as  well  as  a  distinct  inter¬ 
individual  variability.  A  comparison  between  the  coordinate  pairs  of  the  locations  of 
the  100m  and  the  160m  component  reveals  a  non-significant  difference  for  the  x  coor¬ 
dinate,  but  we  found  the  y-coordinate  of  the  160m  component  to  be  located  0.3  cm 
inferior  to  (t-test  for  paired  data  yields  p<0.03)  and  0.6  cm  deeper  than  (p<0.01)  the 
100m  component. 


Horizontal  axis  (cm) 


Horizontal  atria  (cm) 


Fig.  7 i  Spatial  arrangement  of  dipole  locations  in  dependence  on  test  fre¬ 
quency,  drawn  for  all  four  subjects.  For  explanation,  see  text. 
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It  would  be  desirable  to  have  a  three-dimensional  image  of  how  the  dipole  location 
moves  in  space  with  decreasing  the  test  frequency.  An  attempt  to  mediate  such  an 
impression  of  the  spatial  arrangement  was  undertaken  for  component  100m  in  Fig.  7.  The 
x-  and  y-coordinates  estimated  for  the  position  of  the  equivalent  current  dipole  are 
projected  (see  shaded  window)  onto  the  rough  contours  of  the  supralateral  surface  of  the 
right  hemisphere  (left-handed  subjects)  or  the  left  hemisphere  (right-handed  subjects), 
rasp.  Also  inserted  are  the  sampling  positions  with  their  reference  (T4  in  the  right 
hemisphere  and  T3  in  the  left  hemisphere,  resp.)  and  the  Brodmann  areas  21,  22,  41  and 
42.  A  cube  lying  underneath  the  shaded  window  in  the  tangential  plane  which  contains 
the  dipole  locations  for  all  test  frequencies,  is  enlarged  and  perspectively  drawn  below 
the  corresponding  sketch  of  the  brain.  The  projections  of  the  dipole  locations  onto 
three  orthogonal  planes  of  the  cube  are  indicated,  in  order  to  facilitate  the  visual¬ 
ization  how  the  dipole  locations  are  arranged  in  space,  two  cross-hatched  planes  that 
are  perpendicular  to  the  planes  of  the  cube  and  intersecting  with  them  along  the  dipole 
projections  are  drawn  up  to  their  intersection  with  each  other.  These  intersections  are 
marked  with  a  heavy  solid  line  (for  the  visible  part)  or  a  dashed  line  (for  the  hidden 
part) .  Most  of  the  projections  of  the  dipole  locations  onto  the  y-z  planes  (vertical 
axis/depth)  of  the  cube  exhibit,  besides  a  distinct  inter individual  (and  possible  inter- 
hemispheric)  variability,  a  morn  or  less  sigmoidal  shape,  whereas  the  projections  onto 
the  x-z  plane  (horizontal  axis/depth)  are  v-shaped.  The  highest  variability  of  the 
shapes  are  found  for  the  projections  onto  the  tangential  plane. 


INTENSITY  DEPENDENCE 

Similar  to  the  corresponding  figure  representing  the  field  distribution  produced  by 
different  test  frequencies,  Fig.  8  mediates  how  the  evoked  magnetic  field  distribution 
changes  with  the  intensity  of  the  acoustic  stimulus.  Isocontour  maps  computed  for  both 
the  100m  (left)  and  the  160m  (right)  component  show  how  the  location  in  the  tangential 
plane  and  the  strength  of  the  ECD  change  with  stimulus  intensity.  The  vertical  line  is 
inserted  to  better  visualize  the  different  dipole  locations. 
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Fig.  8 i  Dependence  of  the  magnetic  field  distribution  on  intensity.  Maps 
computed  for  stimulus  intensities  of  30  to  80  dB  HL  are  plotted  for  those 
instants  (inserted  on  top  of  each  map)  when  the  moment  of  the  equivalent  cur¬ 
rent  dipole  assumes  a  maximum. 
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Time  functions  of  the  dipole  parameter  are  shown  in  Fig.  9,  exemplary  for  the  stim¬ 
ulus  intensity  of  40  dB  HL.  Similar  to  Fig.  4,. only  those  parameter  values  were  plotted 
whose  goodness  of  fit  exceeds  75%.  Noteworthy  is  that  the  values  of  all  dipole  para¬ 
meters  remain  fairly  constant  around  the  maxima  of  both  components. 


Fig.  9 i  Time  dependence  of  the  parameters  of  the  equivalent  current  dipole 
and  of  the  goodness  of  fit,  computed  for  a  stimulus  intensity  of  40  dB  HL. 
Only  those  values  are  plotted  which  have  a  goodness  of  fit  better  than  75%. 


More  instructive  are  the  next  two  figures  (Figs.  10  and  11)  which  are  composed 
similarly  to  those  showing  the  frequency  dependence*  We  generally  found  a  systematic 
behaviour  of  all  dipole  parameters  of  the  100m  component  but  not  of  all  parameters  of 
the  160m  component.  The  dipole  moment  of  both  components  (Fig.  10)  increases  with 
increasing  stimulus  intensity  assuming  a  maximum  at  50-60  dB  HL,  and  then  diminishes. 
The  dipole  angle  (Fig.  10)  of  the  100m  component  also  deviates  from  a  monotonous  course. 
The  declination  is  maximal  at  50  dB  HL  and  diminishes  both  with  increasing  and  decreas¬ 
ing  stimulus  intensity.  There  is  again  a  slight  increase  of  the  declination  at 
30  dB  HL.  The  dipole  angle  at  the  160m  component  does  not  show  a  significant  dependence 
on  frequency.  The  depth  (Fig.  11)  of  the  100m  component  decreases  almost  continuously 
with  increasing  stimulus  Intensity  whereas  the  depth  of  the  160m  component  does  not  show 
any  systematic  change.  The  location  of  the  equivalent  current  dipole  in  the  tangential 
plane  shows,  for  both  components,  an  anterior  displacement  (8.4  mm  for  the  100m  com¬ 
ponent  and  7  mm  for  the  160ra  component)  witli  increasing  stimulus  Intensity,  but  again 
this  behaviour  is  more  obvious  for  the  100m  component.  No  significant  shift  in  the 
superior-inferior  direction  could  be  observed  for  both  components  when  the  stimulus 
Intensity  was  increased  from  30  to  80  dB  HL. 


D1SCU8SION 


The  moat  intriguing  one  of  these  findings  which  has  never  been  described  so  far  and 
which  is  consistent  in  all  subjects  Is  certainly  the  influence  of  the  stimulus  intensity 
on  the  location  of  the  equivalent  current  dipole.  The  higher  the  stimulus  intensity, 
the  more  superficial  is  the  cortical  excitation.  This  variation  goeB  in  line  with  an 
anterior  shift  of  the  BCD  location  with  increasing  intensity.  On  the  other  hand, 
increasing  stimulus  frequency  causes  an  increase  in  depth  of  the  ECO  location,  along 
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Fig.  10:  Amplitude  (left  column)  and  angle  (right  column)  of  the  moment  of 
the  eguivalent  current  dipolo  as  a  function  on  stimulus  intensity,  computed 
for  components  100m  (top)  and  160m  (bottom) .  Different  symbols  are  used  to 
distinguish  between  different  subjects. 
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column)  of  the  equivalent  current  dipole  as  a  function  on  stimulus  intensity, 
computed  for  components  100m  (top)  and  160m  (bottom).  Different  symbols  are 
used  to  distinguish  between  different  subjects.  The  symbols  corresponding  to 
dipole  locations  cosiputed  for  an  intensity  of  30  dB  HL  are  filled. 


with  a  posterior  shift.  This  implies  that  -  analogous  to  the*  thoroughly  investigated 
tonotopic  organisation  (of.  25,  26)  -  there  also  zxists  an  amplitopic  organisation  of 
the  auditory  cortex  as  was  hypothesised  by  Brugge  and  Reale  (32).  Comparing  the  shift 
of  the  BCD  location  in  the  x-z  plane  (horizontal  position  versus  depth;  the  vortical 
position  was  neglected  since  no  significant  shift  was  observed  between  the  highest  and 
lowest  intensity  and  frequency  tasted)  with  a  variation  of  either  frequency  or  inten¬ 
sity,  our  findings  suggest  that  obviously  both  variables  are  represented  at  different 
places. 

The  calculated  ECD  locations  correspond  sufficiently  well  with  the  transverse  tem¬ 
poral  gyri  or  their  immediate  vicinity  which  was  checked  in  concomitant  anatomical 
investigations  (26).  By  this  way,  neuromagnetic  measurements  have  been  helpful  to 
decide  upon  two  contradictor!'  hypotheses,  i.e.  whether  the  scalp-recorded  cortical 
evoked  potentials  originate  from  the  specific  primary  cortical  projection  area  rather 
than  from  a  "non-specific"  cortex  which  has  been  discussed  for  almost  two  decades.  It 
is  unequivocal  now  that  evoked  potentials  (and  their  magnetic  counterpart)  do  originate 
from  specific  cortical  projection  areas.  Moreover,  the  neuromagnetic  evidence  of  a 
tonotopic  and  amplitopic  organization  of  the  human  auditory  cortex  has  demonstrated  the 
high  significance  of  neuromagnetic  measurements  for  physiological  research. 
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KAUFMAN,  US:  Do  you  think  that  the  change  In  depth  of  the  equivalent  current  dipole  source  with  Intensity 
could  possibly  be  related  to  the  well-known  broadening  of  the  tuning  curves  of  single  neurons  with  the  in- 
teneity  of  stimuli  with  particular  frequencies?  As  I  recall,  the  tuning  curves  characteristically  show 
a  flattened  peak  aa  the  Intensity  goes  above  a  point  where  they  saturate;  and  than  they  continue  to  broad¬ 
en,  shifting  the  center  of  gravity,  If  you  will,  of  the  mass  of  cells  responding  to  the  stimulus.  That 
would  probably  enuae  the  current  dipole  to  shift. 

HOKE,  GE:  Actually,  the  process  work*  the  other  way  around.  The  change  In  functional  depth  of  the  dipole 
ehould  Increase  the  Intensity  aa  It  increases  with  frequency  because  the  ordering  of  the  excitation  goes 
to  a  higher  frequency. 
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THE  INTERACTION  OF  THALAMO-CORTICAL  SYSTEMS 
IN  THE  40  Hz  FOLLOWING  RESPONSE 

by 
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fiiUmboR,  M •  k # i q i  *nd  Tnlmachof f  (1981)  described  what  t h ay  called  tha  40  Hi  riipona*. 

This  steady-state  lodporac  was  a  sinusoidal  EBO  following  rssponss  to  repetitive  auditory 
stimulation  which  was  of  maximal  amplitude  at  rates  between  35  to  45  Hi.  Galambos 
suggested  that  the  response  was  a  super imposition  of  brain-stem  responses  (waves  iv  and  v) 
and  thalamic  mid-latency  responses.  Assuming  there  is  volume  conduction  of  these 
responses*  the  widespread  distribution  of  the  40  Hi  response  is  consistent  with  the 
inter prstat ion  of  the  sources  being  primarily  of  thalamic  or  brainatam  origin.  Spydell* 
et  al.  (1985)  maaaurad  tha  latancies  of  wave  V  of  the  auditory  brain-stem  response 
assuming  they  should  should  be  differsnt  in  normals  and  patients  with  brain-stem  leaiona. 
He  came  to  the  conolusion  that  there  were  independent  generators.  he  also  obsorvsd  that 
in  a  group  of  patients  with  unilateral  temporal  lobe  lesions  the  40  Hs  response  appeared 
unimpaired.  Re  concluded  from  thia  that  tsmporal  lobe  was  not  Involved  in  the  response. 
Weinberg*  et  al.  (In  press)  raportad  a  study  in  which  both  electrical  and  magnetic 
recordings  were  obtained  from  two  healthy  right-handed  subjeots  with  normal  hearing.  The 
auditory  stimuli  consisted  of  55  db  1000  Hz  sinusoidal  tone  bursts  of  5  msec  duration 
( non* ramped ) *  presented  bineurally  at  repetitition  rates  of  30  and  40  Hz.  Electrical 
recordings  were  taken  from  a  vertex  electrode*  magnetic  recordings  were  obtained 
sequentially  from  a  wide  distribution.  We  suggested  that  a  "source-system"  was  active 
during  40  Hi  auditory  stimulation  which  Included  bilateral  temporal  cortex.  We  suggested* 
as  did  Bords  (1984)*  that  whan  ths  brain  is  in  a  atsady-atats  as  the  result  of  being 
driven  by  repetitive  auditory  stimulation  it  is  likely  that  resonance  within  a  limited 
portion  of  the  auditory  pathways  could  accouut  for  some  of  the  enhancement  at  40  Hi 
stimulus  rates.  This  intsr prstat ion  ia  supported  by  current  studies  regarding  the 
organisation  of  the  thalamocortical  auditory  ayotem  in  the  cat. 

Purther  examination  of  the  functional  organisation  of  the  auditory  system  may  help 
eluuidate  mechanisms  by  which  resonance  effects  may  account  for  augmentation  of  the 
steady-state  response.  Anderson*  Snydsr  and  Merzenich  (1980)  have  described  the  main 
ipsllateral  and  contralateral  ascending  pathways  to  auditory  cortex*  where  there  is 
crossing  over  of  pathways  at  levels  of  the  cochlaar  nucleus  and  inferior  colliculus.  It 
is  known  that  there  ia  efferent  innervation  of  basilar  membrane  through  medial  geniculate 
nuclei*  inferior  colliculus  end  cochlear  nuclaus  and  there  is  good  evidence  for  efferents 
from  Al  of  auditory  cortex  to  inferior  colliculus*  and  efferanta  from  inferior  collioulus 
to  medial  geniculate  nuclei.  Ryugo  and  Weinberger  (1976)  argue  that  cortlcofugel 
mechanisms  ordinarily  support  rhythmic  dischargee  which  may  involve  thalamus.  They  also 
describs  another  cortlcofugel  mechanism  which  may  include  tonic  Inhibitory  influences 
which  rsduce  the  level  of  bombardment  from  thalamus  in  the  absence  of  changes  in  the 
acoustic  environment.  These  effects  appear  to  mediated  via  corticothalamic  fibres  which 
are  known  to  synapse  on  the  proximal  dendrites  and  soma  of  interneurones  in  the  ventral 
medial  geniculate  nucleus.  They  speculate  that  these  synapse  are  in  a  position  to  "drive" 
Golgi  type  II  cells*  which  in  turn  would  inhibit  the  principal  neurones.  Although 
completely  speculative  it  could  be  argued  that  the  delays  seen  in  early  auditory  brain 
stem  responsea  in  chronic  alcoholic  humane*  reported  by  Porjess  and  Beglelter  (1975)*  may 
not  have  resulted  from  only  Increased  transmission  time  in  brain-stem*  but  may  have  been 
the  result  of  increased  driving  of  ihibltory  Golgi  cells,  the  effect  of  which  would  be 
seen  at  the  colliculus.  Furthermore,  Orman  end  Humphrey  (1981)  report  clear  evidence  of 
the  influence  of  aorticel  arousal  on  cor tico-geniculate  aotivity  through  the  route  of 
cortex-collioulus-goniculate .  Thie  loop*  Al  -  inferior  colliculus  -  medial  geniculates  - 
Al  is  vary  likely  involved  in  the  40  He  response  end  could  be  the  basis  of  a  resonance 
resulting  in  an  enhancement  of  a  response  to  40  Hs.  If  the  convergence  of  primary 
auditory  Input  end  cyclic  activity  in  a  cort ico-thalamo-cor t leal  system  resulted  in 
increassd  number  of  fibres  firing  in  Al  thia  enhenesment  would  be  seen  at  cortex  as  well 
as  in  other  parte  of  the  system.  Imig  and  Morel  (1983)  have  reported  evidence  that 
cortioothalamic  and  thalamocortical  connections  era  reciprocally  organised  such  that 
thalanic  areas  projecting  to  a  cortical  location  receive  a  projection  from  the  same 
location.  Corticothalamic  projections  havs  the  same  anatomical  patterns  as 
thalamocortical  projections  with  respect  to  their  tonotopio  organisation.  Our  data 
suggested  that  temporal  cortex  is  Involved  but  make  no  claim  to  that  being  the  location  of 
the  enhanced  amplitude  seen  in  the  BEG  with  40  Hz  stimulation.  It  ia  not  unlikely  that  a 
resonance  effect  would  be  eeen  wherever  the  system  is  sampled.  Thia  Interpretation  is 
consistent  with  Romani*  et  al.  (1962)  who  reported  auditory  MEG  responsea  to  single 
frequencies  that  were  modulated  at  32  Hs.  Although  Romani  et  al.  dlscusaad  their  data  in 
the  context  of  tonotoplc  organisation  of  the  auditory  cortex,  rather  than  in  relation  to 
the  40  Hs  response*  their  data  complement  our  own  in  that  the  "source"  is  repotted  to  be 
in  temporal  cortex.  If  our  a peculation  about  the  source-system  involved  in  repetitive 
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stimulation  at  frtquanoiaa  approximating  40  Hi  la  oorract  tha  aouroaa  raportad  suit  hava 
included  oorticof uga  1-oort ioal  modulation. 

Tha  atudy  raportad  hara  la  an  axtanaion  of  our  inital  auditory  experiments  (Weinberg 
at  al.,  in  praaa)  to  inoluda  tha  atudy  of  40  Ha  vibration  of  glaboroua  akin  raoaptora  and 
axamination  of  tha  intaraotion  of  simultaneous  tin  phtaa)  auditory  and  taotila 
stimulation. 

Mtihodj 

Conditional 

Thraa  oonditiona  of  a teady-a tata  stimulation  vara  axaminadi  Taotila  (T),  Auditory  (A)  and 
aimultanaous ,  in  phaaa  stimulation  of  Both  auditory  and  taotila  stimulation  (B). 

Stimuli t 

Praaaura  vibration  was  applied  to  tha  right  forafingar  by  maana  of  a  small  plastic  piaton 
with  an  annulua-ihaped  tip*  4  mm  In  diamatar.  Tha  piaton  and  piaton  housing  was  4  matraa 
in  langth  allowing  an  alaotromaohanieal  vibrator  to  driva  tha  piston  without  magnstic 
artifact.  Tha  vibrator  waa  drlvan  by  a  aina  wava  oaoillator  controlling  amplitude  and 
fraquanoy.  Tha  vibratory  stimulus  was  applied  to  tha  tip  of  tha  right  forafingar  held  in 
plaoe  by  a  wooden  form  fitting  device,  and  consisted  of  a  maximum  sinusoidal  displacement 
of  1  mm.  The  force  waa  sufficient  to  displace  50  g  over  thia  dlatanca  measured  with  a 
force-displacement  transducer  {Grass  Modal  TC10C)  and  was  axparianoad  by  tha  subject  qi  a 
strong  fluttering  sensation  at  tha  finger  tip*  Tha  auditory  stimuli  consisted  of  55 
db(HL)  1000  Ha  sinusoidal  tons  bursts  of  5  msec  duration  (non-raaped)  prevented  binaurally 
at  repetition  rates  of  30  and  40  Ba  and  monaurally  at  40  Ha  in  tha  combined 
auditory-tactile  condition.  In  order  to  eliminate  magnetic  artifacts  tha  sound  waa 
conduotad  to  tha  aubjaota  through  plastio  tubing  and  earpieces  from  a  small  apaakar  fixed 
to  tha  top  of  tha  dewar.  The  orientation  of  tha  apaakar  waa  fixed  with  respect  to  tha 
gradiomatar  sensing  coila  ao  that  no  artifact  waa  maasurad  ragardlaaa  of  thr  position  of 
tha  gradiomatar.  A  ateady-atate  paradigm  waa  used  for  both  tactile  and  auditory  stimuli 
with  a  sampling  rata  of  1  polnt/aac  and  a  time  interval  of  100  maac  for  each  data  record 
for  1000  repetitions.  Whan  auditory  and  taotila  stimuli  waza  presented  aimu 1 taneoue ly , 
onset  time  waa  adjusted  such  that  maximal  displacement  of  the  piston  coincided  with  the 
onset  of  the  tone  burat  at  tha  earpiece. 

Subjects i 

Tha  data  reported  hare  are  from  three  male  subjects  ranging  in  age  between  21  and  35 
years;  one  received  only  Condition  Aj  one  received  only  Condition  T;  and  one  received 
Conditiona  A ,  T  and  B. 

MEG  and  EKOt 

MEG  data  waa  collected  with  a  3rd  order  gradiomatar  in  an  automated  gantry  system.  Tha 
subject's  head  shape  waa  digitlaed  and  served  as  a  modal  for  automatically  positioning  tha 
dewar  over  at  least  40  preselected  sites  over  both  hemiapheraa.  Coordinates  of  tha 
positions  and  orientation  of  tha  aanaing  ooll  ware  recorded  for  use  in  dipole  estimates. 
Configuration  of  tha  MEG  system  has  bean  described  elsewhere  (Vrba  at  al.i  1982).  BEG  waa 
recorded  from  Cm  rafaranoad  to  linked  maatoids  with  a  bandpass  of  10.6  to  70  Hi.  BEG  waa 
»  recorded  primarily  for  tha  purpoao  of  ensuring  that  tha  40  Hi  ERG  response  waa  present  but 

waa  not  used  in  estimating  aouroaa. 

Data  Analysis! 

For  topographical  analysis  of  tha  MEG  data,  Fourier  analysis  waa  need  to  compute  tha 
amplitude  and  phaaa  of  tha  40  Hr  component  from  tha  MEG  average  at  each  racording 
position.  These  values  ware  than  plotted  as  vectors  in  polar  coordinates .  Since  a  phaaa 
difference  of  180  degrees  la  equivalent  to  a  polarity  raveraal  of  tha  r.ame  signal,  tha 
average  phaaa  waa  calculated  as  that  angle  for  which  tha  root-mean  sqv.ore  amplitude  of  all 
vectors  projected  onto  that  angle  waa  maximal.  Tha  resulting  amplitude  values  ware  used 
to  produce  iaooontour  maps  of  tha  field  over  tha  surface  of  tha  head.  Tha  interpolated 
values  for  these  maps  ware  calculated  aa  tha  weighted  sum  of  all  racording  positions 
within  a  specified  search  radius;  tha  weight  for  each  position  being  proportional  to  tha 
reciprocal  of  its  dlitama.  For  subject  u.  R .  tha  topography  of  tha  phaaa  vactora  hava 
alto  bean  plotted.  A  least-aquares  method  for  estimating  one  or  two  dipole  fits  to  tha 
data  aa  described  by  Harrop  at  al.  (1986)  waa  used  for  approximating  tha  location  of 
equivalent  currant  dipole  aoureaa.  Tha  method  takas  into  account  tha  number,  size, 
spatial  separation  and  orientation  of  tha  gradiomatar  coils.  Tha  least-squares  method 
utilises  multiple  radii  defined  aa  tha  distance  to  each  racording  position  from  an  origin 
near  the  oantra  of  tha  head  (computed  aa  a  point  on  a  horizontal  plana  daflnad  by  naaion 
and  preauriouler  points).  Anatomically,  this  origin  lisa  in  tha  vicinity  of  tha  brainstem 
at  tha  midline  of  tha  ventral  surface  of  tha  upper  pona. 

Rftault a 

Auditory  ( A ) t 
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SBQf  Tha  vertex  BIG  responee  to  30  and  40  Hs  ahowa  a  olaar  following  raaponaa  which  la 
oonalatant  with  what  would  ba  axpaotad  from  tha  literature  of  pravioua  atudlaa  (Pig.  1). 
Tha  electrical  raaponaa  la  oonalatant  throughout  tubjaots  for  both  unllataral  and 
bilataral  auditory  stimulation  ;  tha  raaponaa  '»o  30  Ha  la  a  triphaalo  waveform  and  of  lowar 
amplitude  than  tha  40  Ha  responee  whloh  la  alnuaoldal  in  form  and  of  approrlmatly  twioa 
tha  amplituda  aa  that  of  tha  30  Ha  raaponaa. 

MEG i  laofiald  plota  of  tha  40  Ha  oomponant  of  MIG  raaponaaa  indicate  bilataral  equivalent 
dipola  aouroaa  in  tha  vicinity  of  primary  auditory  oortax.  For  both  binaural  and  monaural 
auditory  stimulation  bilataral  dipolar  flalda  ara  observed  ovar  tha  tamporo-pariatal 
ragiona.  For  monaural  atlnulatlon  (aubjaot  U.R.,  Fig.  2)  tha  flalda  ara  quit#  aymmatr! oal ; 
tvo-dipola  fita  of  tha  data  aatlnata  aouroaa  2.0  om  posterior,  4.5  on  lataral  and  4.4  on 
auparlor  to  tha  origin  placing  bilataral  aouroaa  roughly  in  tha  vicinity  of  althar  primary 
auditory  oortax  in  auparlor  temporal  gyrus  (Fig.  3).  Tha  orlantatlon  of  thaaa  dipoles  ara 
approximately  vertical  and  directad  toward  midline  indicating  that  auch  aouroaa  may 
compriaa  equivalent  sources  orientated  vertically  in  the  auparlor  plane  of  tha  temporal 
loba.  Tha  strength  of  tha  currant  dipola  eatlmatea  for  tha  raaponaoa  reported  hare  ara  in 
tha  range  of  2  to  3  nanoa*pere-»e tara  which  corraaponda  to  values  pravloualy  reported  for 
steady-state  fiolda  by  Romani  at  al.  (1982). 

Tactila  ( T ) i 

BEG i  Tha  vartax  ERG  from  tactile  atinuli  for  40  Ha  follows  tha  stimulus  but  ita  amplitude 
and  phaaa  are  highly  aenaltive  to  variation#  in  tha  area  and  poaition  of  tha  forefinger 
ctimulatad  and  da  generally  lowar  in  amplituda  than  tha  auditory  raaponaa. 

meg i  At  maximum  amplituda  of  tha  LEG  raaponaa  tha  MEG  appear*  to  ba  dipolar  contralateral 
to  stimulation .  The  field*  may  he  complex;  however  it  only  contralateral  data  ara  ueed  in 
dipola  estimate*,  equivalent  dipolu  fita  whloh  account  for  801  of  tha  variance  of  tha 
obaarvad  fielda  can  ba  achieved.  Tha  poaition  for  this  dipola  in  aubjaot  R.G.  was  3  cm 
posterior,  3  om  lataral  (left  hemisphere),  and  8  cm  above  tha  origin  placing  the 
equivalent  dipola  source  in  tha  area  of  tha  finger  locations  of  aomatoaanaory  cortex 
(postcentral  gyrus).  For  aubjaot  U.R.  a  single  dipola  fit  to  al.l  tha  data  from  both 
hemispheres  also  place*  a  single  aquivalart  dipola  in  tha  same  area  of  contralateral 
aomatoaanaory  cortex,  accounting  for  ovar  704  of  tha  variance.  Using  only  obaarvad  data 
from  contra lataral  hemisphere  again  incraaaaa  this  fit  to  aocount  for  more  than  60t  of  tha 
variance  (Fig.  3). 

Combined  Auditory  and  Tactile  (B)t 

EEGi  The  EEG  at  the  vartax  show*  a  following  raaponaa  which  la  similar  in  waveform  and 
period  to  tactila  and  auditory  following  raaponaaa,  with  an  amplituda  somewhat  larger  than 
that  for  auditory  stimulation  alone  when  tha  individual  response*  ware  in  phaaa  relative 
to  each  other  (Fig.  1). 

MEG i  The  observed  MEG  data  is  shown  in  Fig.  2.  A  complex  distribution  of  fields  appear 
to  result  in  patterns  of  maxima  and  minima  in  both  hemisphere*.  However,  tha  arithmetic 
sum  of  tha  tactila  and  auditory  fialds  is  vary  close  to  tha  obrerved  field.  Aa  can  ba 
seen  maxima  and  minima  have  the  same  distribution  ovar  tha  head,  as  if  tha  result  of 
simultaneous  stimulation  is  tha  sum  of  what  would  ba  axpaotad  from  stimulation  of  each  of 
tha  modalities  separately,  Two  dipoles  fit  to  this  data  aocount  for  80%  of  tha  variance 
and  raault  in  a  right  hemisphere  estimate  being  vary  close  to  that  of  tha  right  hemisphere 
auditory  estimate  (slightly  more  lataral)  but  tha  laft  hemisphere  dipola  being  placed 
quite  lateral  and  above  tha  temporal  loba  (6  cm  above  tha  plana  of  tha  origin)  --  poselbly 
whet  would  ba  expected  it  tha  laft  hemisphere  flalda  ware  tha  result  of  tha  combined 
activity  of  tha  contralateral  tactila  dipola  estimated  near  vertex,  and  tha  laft 
hemisphere  auditory  dipola  estimated  in  temporal  loba. 

£i eogssl£n 

Tha  data  presented  hare  suggest  that  different  systems  ara  active  in  response  to  40 
Ht  tactile  vibration  and  auditory  stimulation,  although  tha  BBG  response  at  tha  vertex 
remains  quite  similar.  Tha  evidence  which  remains  to  ba  established  ia  tha  raaponaa  with 
homologous  bilataral  tactile  atlnulatlon.  However,  it  ia  clear  from  both  monaural  and 
binaural  stimulation  that  two  auditory  system*  ara  active  in  either  case;  one  in  right 
hemisphere  and  one  in  laft,  Tha  data  from  aubjaot  U.R*  clearly  indicated  two  bilaterally 
symmetric  fields  arising  from  sources  in  auditory  cortex.  Analysis  of  tha  flalda 
resulting  from  tactila  stimulation  ia  oonalatant  in  both  subjects  and  results  in 
estimates  of  a  sources  for  tactile  vibration  in  tha  oxpaotad  hand  and  finger  locations  of 
tha  sensory  homunculus  of  tha  postcentral  gyrus. 

Tha  data  from  U.R.  which  results  from  simultaneous  stimulation  of  auditory  and 
scmaathstic  modalities  is  instructive.  Interestingly,  tha  ££la£^V£  latencies  of  the 
auditory  and  tactila  BBG  following  raaponaaa  coincide  with  simultaneous  stimulua  onset  (a a 
described  in  Method)  and  those  relative  latencies  could  ba  shifted  by  changing  ♦■he 
relative  onaat  of  either  the  auditory  or  tactila  stimulua.  Moreover,  the  electrical 
raaponaaa  for  tha  auditory  condition  (A)  appear  greater  than  for  tha  tactila  raaponaa 
alona,  and  slightly  larger  for  audi tory- tacti la  combined  (condition  0),  suggesting  tha 
possible  summing  of  responses  from  deep  thalamic  sources  at  tha  vertex  whan  tha  stimuli 
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are  la  phase.  However,  the  MIQ  data  suggests  a  *uah  ion  aomplex  interaction  of  oortioAl 
louroia.  it  only  loft  hemisphere  fields  aro  considered  tho  data  oan  bo  soon  to  bo  a 
combination  of  tho  oout ralatoral  response  to  oomesthetio  atimulation  and  tho  loft 
hemisphere  response  to  auditory  stimulation.  Tho  data  from  tho  right  hemisphere  of 
subject  U.R.  la  similar  to  tho  right  hemisphere  data  of  aubjoot  ? .  R .  Taken  aa  a  whole, 
tho  bllatoral  data  fro*  D.R.  ia  what  would  bo  oxpoatod  if  tho  tactilo  and  auditory 
atlaulatlon  war*  producing  flolda  which  summed  on  loft  side,  and  ainoo  taotlla  stimulation 
dooa  not  roault  in  ipallatoral  flolda,  only  tho  auditory  flolda  aro  aoon  in  right 
hemisphere.  Thin  oonoluaion  ia  aupportod  by  tho  roault  of  summing  tho  flolda  roaulting 
from  aoparato  auditory  and  taotlla  atlaulatlon)  tho  sum  la  remsrkebly  similar  to  tho 
obaarvod  data  for  aiaultanooua  atinulation  in  auditory  and  aoaatoaonaory  nodal It ios .  Tho 
appropriato  dipolo  analyala  for  tho  oonblnod  obaarvod  flolda  (auditory  and  someathetic) 
would  bo  a  throo  dlpolo  solution;  auoh  a  configuration  of  oourooa  nay  in  fact  aocount  for 
tho  unusual  fit  for  tho  loft  honiapharo  dlpolo  whan  trying  to  fit  two  dipoloa  to  thla 
data.  Unfortunately  aoftwara  for  tha  aolution  of  thraa  ainultanooua  dipoloa  io  not 
currantly  available,  but  wo  oro  in  tho  procooa  of  developing  it. 

if  it  io  tho  oaao  that  tho  oonblnod  fields  for  dual  nodallty  atinulation  ara  tho  iub 
of  tho  flolda  for  ainglo  nodallty  atinulation  it  ouggoata  that  tho  40  Hi  roaponoo  io 
confined  to  aonaory  syatona  related  to  tho  nodallty  of  atinulation)  if  there  wets  an 
interaction  of  those  modalities  in  tho  40  Ha  roaponoo  tho  oonblnod  flolda  would 
undoubtedly  not  bo  o  alnplo  linear  sum  of  of  tho  two*  Tho  dots  ouggoata  that  tho  two 
modalities  may  bo  driven  independent ly  by  40  Hs  atinulation  and  supports  tho 
interpretation  that  tho  roaponaa  roflocta  a  roaonanoo  in  tho  aonaory  oyaton  stimulated. 

Although  source  eatinatea  of  tho  observed  fields  attuned  o  ainglo  equivalent  dlpolo, 
or  two  equivalent  dipoloa  aotivo  simultaneously ,  and  tho  fits  for  those  dipoloa  acoount 
for  a  largo  percentage  of  tho  variance  between  predicted  and  observed  fields,  tho  observed 
fields  oro,  nonetheless,  oloorly  non-dipolar.  Tho  data  for  aoparato  tootilo  end  auditory 
atinulation  suggest  that  several  dipoloa  aro  simultaneous  active.  This  interpretation  ia 
aupportod  by  tho  topography  of  phase  angles  shown  in  rig.  4.  If  only  o  single  dipole  wore 
aotivo,  ell  nagnotio  data  would  bo  in  phase)  there  would  bo  no  topographloal  distribution. 
Tho  topographloal  distribution  of  phase  is  relative  to  an  arbitrarily  definad  temporal 
origin)  it  ia  not  possible  with  steady-s tato  stimulation  to  determine  which  porta  of  tho 
brain  aro  loading  with  raspoot  to  stimulation.  However,  tho  systematic  change  in  phase 
from  posterior  to  ar.torior  locations  is  consistent  with  tho  interpretation  that  there  ia  a 
thalamo-oortloal  system  involved  some  parts  of  which  when  active  roault  separately  in 
dipolar  fields  that  aummato  to  produce  tho  sinusoidal  40  Hi  rooponao  normally  obaarvod. 
Although  th«  estimated  locations  of  equivalent  dipole  touroaa  oro  consistent  with  tho 
appropiato  functional  cortical  sites,  it  dooa  not  moan  that  tho  source  of  tho  40  Hs 
rooponeos  la  entirely  cortical.  Clearly  a  thalamo-cortical  system  ia  involved,  and  tho 
reason  w«  eatimats  sources  in  cortex  is  that,  being  closest  to  the  gradlometer,  thla 
signal  is  largest. 
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Three-dimanalonel  repreaentatione  of  the  location  of  aqulvalant  dipolaa  aouroe 
eetinataa  fittad  to  tha  obaarvad  frequency  conponanta  ahown  in  Fig,  2,  uaing  a 
laaat-aquaraa  fitting  routina.  Two-dipole  aatinatai  ware  fittad  for  tha  auditory 
condition  (dark  bara)  in  honologoue  regione  of  auparior  taaporal  loba,  accounting  for 
06.2%  of  tha  varianoa  in  tha  obaarvad  valuaa.  Singla  dipolaa  wara  fittad  to  tha  tactila 
data  for  two  aubjaota  both  in  laft  poatcantral  gyrua  and  account  for  70%  (U.R.I  and  81% 
(R.a.)  of  tha  variancu.  Drawinga  ara  taken  from  rapraaantativa  brain  aaotiona  and  a 
ana  11  croaa  indicataa  tha  ralativa  poaition  of  tha  origin  of  tha  coordlnata  ayatam  uaad 
in  dipola  looaliaation. 


tiSHES-li  Rhaaor  plota  of  tha  40  Hi  fraquancy  conponanta  uaad  to  produce  the  laocontour 
nepa  and  dipole  eatinatea  for  3  conditione  in  aubjeot  U.  R..  Direction  of  linaa 
indicate  tha  relative  phaaa  of  tha  40  Ha  conponent  at  each  recording  location.  Length 
indicataa  tha  nagnltude  of  tha  40  Ha  conponent,  tha  largeet  nagnitude  (left-noet 
poaition  for  condition  Both)  corraaponding  to  approximately  36  fT. 
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staraopaia  la  an  important  and  interesting  aubjaot  of  study  for  many  raaaona. 

Clsariy*  tha  brain  codas (  and  atoraa*  complex  information  about  tha  ralatlva 
positions  of  objeote  in  apace;  how  thla  is  aooompliahad  la  not  only  important  for  an 
understanding  of  staraopaia  but  could  also  ba  instructive  for  tha  analyaia  of  othar 
processing  ayatama  in  tha  brain.  For  example,  disparate  visual  input  is  simultaneous 
input  and*  from  what  ia  known  about  staraopaia*  that  processing  appaara  to  occur  in 
parallel*  Looal  staraopaia  ia  tha  point-by-point  comparison  of  tha  images  on  tha 
two  retinae  and  tha  calculation  of  the  aaaooiatad  disparity  for  every  feature  on  tha 
visual  image.  Global  staraopaia  ia  tha  integration  of  all  tha  ooded*  looal 
disparities  into  an  overall  perception  of  a  three  dimensional  loans. 

Twenty  years  ago  Barlow*  at  al«  (1967)  and  Nlkara*  at  al.  (1966)  showed  that 
different  calls  in  tha  ratine  are  maximally  excited  by  relative  distance*  i.e.«  by 
stimuli  behind  or  in  front  of  tha  plana.  Many  subsequent  studies  have  ahown  that 
theaa  'disparity  neurones*  are  not  uniformly  distributed  amongst  cortical  areas.  For 
example*  soma  celle  which  appear  to  ba  tunad  to  fine  disparities  are  moat  common  in 
striata  cortex*  whereas*  others  tunad  to  coirsir  disparity  are  more  prevalent  in 
prestrlate  oortax*  and  those  responding  to  changes  In  disparity  oauaad  by  moving 
stimuli  are  found  in  tha  superior  temporal  sulcus  (for  review  sea  Bishop*  1983). 

Fine  staraopaia  ia  a  specific  pattern  matohing  of  looal  features  of  tha  two  retinal 
imagae;  it  usually  funotlona  only  within  1  to  2  degrees  in  tha  central  visual  field. 
Coarse  staraopaia  functions  within  a  much  wider  range  of  retinal  disparities* 
primarily  in  peripheral  visual  fields.  Subjects  may  have  qualitative  perceptions  of 
depth  but  may  not  ba  able  to  fix  their  absolute  positions  in  space  (for  example* 
subjeots  with  double  vision*  diplopia*  may  have  coarse  staraopaia). 

Many  atudlas  have  attempted  to  tease-out  tha  various  brain  systems  responsible 
for  staraopaia  through  eystematio  lesions  of  visual  and  non-visual  cortex.  For 
example*  it  has  been  shown  that  global  staraopsis  of  random-dot  stereograms  (RD8s)  is 
more  signlf loantly  impaired  by  damage  to  right*  than  to  left  hemisphere  (Benton*  at 
si.*  1970).  However#  whan  age*  IQ  and  lesions  else  are  matohed#  tha  affaots  of 
penetrating  wounds  on  staraopaia  does  not  suggest  hemisphere  differences  (Lawler* 
1961).  Several  authors  have  raised  tha  question  of  whether  hemispheric  differences 
after  brain  damage  could  not  ba  simply  a  reflaction  of  greater  right  hemisphere 
involvement  in  pattern  recognition  of  staraoptlo  images.  Whether  these  affects  are 
influenced  by  impairments  in  vargence  is  not  known*  however  it  is  known  that  global 
staraopaia  can  ooour  in  the  presence  of  diplopia. 

Cowey  (Cowey  4  Porter*  1979;  Cowey*  1979;  1985)  has  pointed  out  that  the 
organisation  of  visual  input*  in  which  medial  hemiretinae  project  contralaterally  and 
lateral  hemiretinae  project  lpsilaterally *  results  in  those  binocular  cells  concerned 
with  mid-line  targets  receiving  part  of  their  input  vis  tha  corpus  callosum.  This 
route  for  mid-line  etereopsie  wee  established  by  Mitchell  end  Blekemore  (1970)  who 
studied  etereopels  after  corpus  callosum  and  anterior  oommleures  had  been  surgically 
dlvldad.  Cowey  (1985)  demonstrated  that  damaging  macular  representation  in  striate 
cortex  leads  to  very  high  stereoecuity  thresholds*  however*  when  RDSs  wore  used  well 
above  the  threshold  etereosoul ty *  staraopsis  could  be  impaired  by  damage  well  outside 
the  primary  or  secondary  visual  areas*  even  though  there  was  only  minimal  Impairment 
with  large  inf eroteaporel  leelone.  Although  it  is  clear  that  striate  end  non-atriate 
cortex  is  involved  in  stereopels  (Pogglo  end  Fischer*  1977)*  it  la  also  true  that 
binocular  visual  information  is  first  combined  in  the  cortex  end  not  in  the  lateral 
geniouletee  where  efferents  from  each  eye  area  segregated  into  separate  layers  which 
do  not  interoonneot  (Bubal  end  Missel*  1961). 

The  idea  that  looal  etereopsie  is  a  separate  process  from  depth  perception  is 
also  supported  by  studiee  of  tha  responses  to  random-dot  oorrelogrems *  visual 
stimuli  for  which  the  left  end  right  patterns  ere  alternately  either  identical  or 
unoorreleted »  Such  stimulation  is  an  sffsctlve  cue  for  looal*  but  not  global, 
staraopaia  end  produces  an  electrical  evoked  response  (Lehmann,  Skrandiee*  and 
Lindennaier*  1976).  For  the  human  infant*  an  svoksd  potential  is  detectable  at  3 
months  of  age  for  oorrelogrems  (Braddlck  at  el.*  I960)*  but  not  until  4.5  months  for 
stereograms  (Fetrig  at  si.*  1981).  Furthermore*  adults  have  bean  found  to  generate 
normal  evoked  potentials  to  correlograms  presented  at  up  to  twice  the  limiting 
frequency  for  stereograms  (Juless*  1960;  Julesi  at  el.,  1960).  Assuming  that  two 
different  processes  ere  involved  in  the  response  to  dynamic  random-dot  stereograms , 
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it  seams  reasonable,  «t  least  in  hindsight,  to  expeot  magnetic  fields  to  bo  observed 
fro*  st  losst  two  diatinot  sources* 

One  Advantage  for  investigations  ' f  atereopsis  using  dynamlo  RDS’s  is  that  the 
disparity  can  be  changed  instantaneously  without  introducing  monooular  cues  due  to 
inage  shift  or  strobosoopic  notion*  The  first  eleotrophysiological  studies  of 
oortioal  blnooularity  using  RDSa  ( DRD&a )  reported  the  averaged  evoked 

potential  recorded  from  the  human  aoalp  (Mol  4  Caberg,  1977)  Lehmann  4  Julese,  1978). 
As  vis  also  shown  by  more  reoent  research,  the  waveform  of  the  evoked  potential 
normally  features  a  single  negative  component,  peaking  at  ISO  to  350  ms  after  the 
onset  of  disparity  in  the  dynamic  RDS  (Herpera,  Caberg  4  Mol,  1981)  Neill  et  al«, 
1982).  Topographically,  this  potential  is  distributed  widely  over  muoh  of  the 
posterior  soalp,  with  a  maximum  amplitude  for  moat  aubjeota  ooourrlng  somewhat 
paradoxically  at  tha  left  posterior  temporal  area  (Neill,  1984).  interpretation  of 
this  distribution  is  problematic  duo  to  tha  lnharently  poor  spatial  aoouraoy  of 
source  localisation  baaad  on  soalp-racordad  evoked  potential!  due  to  the  effeote  of 
varying  rail atlvi t ias  of  tiasuea  in  the  head  (Nunes,  1981). 

A  preliminary  investigation,  conducted  in  our  laboratory,  of  the  magnetio  fields 
evoked  by  DRDSs  has  been  previously  publiahad  (Weinberg  et  el.,  1985).  Briefly 
summarised,  the  results  of  this  study  were  that  tha  evoked  magnetio  field  showed  two 
ooaponente  that  were  temporally  end  spatially  diatinot.  The  early  component,  maximum 
et  160  to  180  mi  after  onset  of  stimulus  disparity,  lndiaatad  a  vart ically-or iantatad 
souroe  looatad  in  tha  occipital  arcs.  The  later  component,  seen  at  220  to  300  me, 
showed  outward-going  magnetio  flux  maximal  at  the  right  temporal-parietal  area.  One 
explanation  for  these  results  is  that  the  two  magnetio  oomponenta  were  related  to  two 
successive  stages  of  visual  processing,  notably  fusion  of  the  two  imagee  and 
subsequent  depth  perception. 

The  idee  that  thare  ere  at  laaat  two  asperate  processes  involved  in  stereopsis 
has  been  suggested  as  tha  raeult  of  other  research  which  has  utilised  for  visual 
stimuli  dynamic  random-dot  oorralograms  ( DRDCs ) ,  for  which  the  left  end  right 
patterns  are  either  identical,  or  unoorrelated.  These  stimuli  ere  effective  in 
producing  an  electrical  evoked  potential  which  la  similar  to  that  evoked  by  dynamic 
RDS 1  a  (Lehmann,  skrandiee,  4  Llndenmalar,  1978).  If  there  ere  two  separate  neural 
generators,  one  eotive  during  the  proaess  of  fusion  end  another  associated  with  depth 
perception,  it  might  be  the  case  that  electrical  potential  recordings  show  only  one 
component  beceuee  of  e  summation  sffeot  due  to  volume  conduction.  Regardless  of 
whethsr  there  ere  one  or  two  processes  involvsd,  ths  evidence  clearly  points  to  the 
feet  that,  although  stereopais  depanda  on  visual  stimuli,  more  then  striate  and 
prestrlato  visual  system  ere  involved.  This  may  ba  why  an  individual's  capability 
for  atareopaia  appears  to  be  particularly  sensitive  to  ell  of  the  faotore  which 
influence  attention  and  memory  (Ross  and  Hogben,  1974))  indicating  that  the 
neurophysiological  processing  requlrsd  cannot  be  relegated  to  a  pre-perceptual  mods. 
For  example,  in  a  study  of  binocular  dspth  perception  in  a  hoatila  environment, 
Kobrick  (1969)  investigated  arrora  in  distance  judgement  as  e  function  of  low  ambient 
temperature  and  wind  exposure.  Both  factors  ware  found  to  increase  errors  in  depth 
discr imination  for  objects  viewed  at  a  distance.  Another  example  aonoerns  the 
effeote  of  sleep  deprivation.  Horne  (1978)  reported  as  one  of  the  effects  of  sleep 
deprivation  the  impairment  of  binocular  convergence,  particularly  for  night  vision, 
although  atareopaia  g«r  a a  was  not  tested,  Paul  (1965)  did  measure  the  degree  of 
stereopsis  with  s  graded  aeries  of  stereoscopic  stimuli  and  found  that  stareoacuity 
decreased  after  38  hours  of  sleep  deprivation.  In  another  study  of  the  effects  of 
drugs  on  visual  function  subjscts  were  not  sleep  deprived,  but  were  given 
triprolidine  (Actifed)  which  is  reported  to  cause  drowsiness  when  taken  as  a  relief 
for  sinus  oongeation  (Luria  et  al.,  1979).  Normal  doses  of  this  drug  were  found  to 
have  no  effect  on  stereopsis,  however. 

!Jl£_55E*£iE®!!£a!_P  roar  onjme 

The  purpose  of  the  initial  stage  of  the  research  was  to  confirm  with  MEG  tho 
svidenos  for  multiple  stages  of  processing  binocular  information,  establish  what 
these  stages  are,  and  estimate  location  of  generators.  initial  experiments  ere 
designed  to  compare  the  magnetic  fields  evoked  by  dynamic  rdsb  and  dynamic  RDCs  in 
the  same  subjects  to  see  if  the  drdc  evoked  field  is  similar  to  the  early  component 
of  the  response  to  the  DRD& .  Previous  publications  give  details  of  the  first 
studies,  and  recording  of  the  stereoscopic  evoked  field  in  this  laboratory  (Neill  and 
Fenelon,  1981)  Weinberg  et  al.,  1985). 

The  continuation  of  these  experiments  is  concerned  with  » ha  later  component  of 
the  evoked  field  and  the  nature  end  location  of  the  estimated  sources.  We  ere  alio 
interested  in  the  presence  of  edges,  and  whether  changes  in  disparity  are  as 
effective  as  disparity  onset  versus  offset.  Since  it  is  known  that  the  direction  of 
disparity  (e.g.  whether  a  squara  appears  in  front  of,  or  behind,  the  surround) 
significantly  affects  the  response  (Neill,  1964),  the  method  being  designed  will 
attempt  to  eliminate  this  effect  through  the  uee  o£  a  "reversing  disparity 
checkerboard"  for  which  alternate  squares  appear  closer.  This  stimulus  would  have 
about  the  same  feature  else  as  the  usual  square  stimulus  if  only  foui  squares  made  up 
the  checkerboard.  Along  with  the  physiological  recordings,  psychophysical  maaaurea 
are  being  adapted  for  uee  with  the  earns  stimuli  to  accurately  measure  the  sensitivity 


of  subjects  for  small  disparities  in  DRD8 a  by  measuring  diaparity  thraaholda.  What 
la  raportad  below  ara  tha  initial  raaulta  from  an  attempt  to  uaa  anaglyphs  in  tha 
atudy  of  aouroaa  aaaooiatad  with  ataraopala. 

Tha  anaglyph  technique  waa  uaad  to  praaant  random-dot  stereograms  racordad  on  16 
mm  movia  film.  Baoh  frama  waa  originally  ganaratad  on  a  microcomputer  bit-mapped 
graphic!  display  with  a  raaolution  of  64V)  by  225  pixala.  A  total  of  thirty-two 
different  framaa  wara  ganaratad,  16  of  which  conalatad  of  idantloal  pattarna  of  rad 
and  graan  dota  which  wara  displaced  laterally  by  12  pixala.  Tha  remaining  16  framaa 
wara  similar  except  that  in  addition  a  central  square  area  in  both  tha  rad  and  graan 
pattarna  waa  displaced  in  tha  opposite  direction  by  12  pixala  and  tha  24  pixel-wide 
area  of  overlap  waa  shifted  to  tha  other  aide  of  tha  square  to  cover  tha  gap  created. 
These  two  aata  of  framaa,  whan  viewed  with  rad  and  graan  filtara  over  tha  oorraot 
eyes,  appeared,  respectively,  as  random  dota  in  a  single  plana  of  depth  located 
behind  tha  projection  aoraan,  or  alas  in  tha  same  depth  plana  with  a  central  square 
area  located  oloaar  to  tha  observer.  Frames  ware  back-projected  onto  a  tranalucant 
Benin  at  approxima taly  1  m  distance  from  tha  observer  and  tha  total  stimulus  display 
subtended  a  visual  angle  of  approximately  20  degrees,  while  tha  intarocular  disparity 
of  tha  central  square  was  1  degree.  in  addition,  a  small  square  fixation  point  waa 
praaant  in  tha  centra  of  tha  display  in  tha  plana  of  tha  aoraan;  tha  background  was 
bahind  the  plana  of  tha  aoraan  equal  to  1/2  degrae  of  diaparity  and  tha  stimuluo 
x square)  waa  in  front  of  tha  scraan  by  tha  same  amount  (Fig.  1). 

For  each  trial  aavantaan  consecutive  frames  consisting  of  the  single  depth  plana 
and  five  framaa  with  tha  disparate  central  squara  wars  presented.  Baoh  frama  waa 
randomly  aalactad  from  tha  appropriate  sat  with  tha  restriction  that  tha  same  frama 
was  never  repeated.  Five  to  seven  different  selections  of  22  frames  wara  made  into 
film  loops  for  projection  at  24  framaa  par  second,  producing  an  lnter-trlal-intarval 
of  915  msao. 

Acquisition  of  MEG  and  EBG  data  by  computer  was  triggered  by  tha  film  frama 
preceding  tha  onset  of  tha  disparate  stimulus  and  256  points  wars  digitised  at  3  msac 
par  point.  At  eaoh  MEG  recording  position,  three  averages  of  60  trials  each  ware 
collected  on-line  and  later  averaged  together.  Artifacts,  which  were  mainly  eye 
blinks  in  the  BEG  and  magnetic  noise  in  the  MEG  due  to  motor  vehicles  paaelng  nearby 
the  laboratory,  were  automatically  rejected  when  the  recorded  data  amplitude  exceeded 
a  preset  threshold.  BEG  was  recorded  from  a  tnldllna  occipital  (Os)  eleotrode 
raferencid  to  a  midllna  frontal  (Fa)  location.  Low-pass  filtara  wara  sat  at  30  Hi; 
time  constant  waa  0.3  aao. 

MBG  recordings  wara  dona  with  a  SQUID  3rd  order  gradiometer  (CTF  Systems,  Inc.; 
vrba  at  el.  1962)  whloh  has  a  38  mm  sensing  coil  and  55  mm  inter-coil  separation. 
Positioning  of  tha  gradiometer  was  dona  with  a  computarisad  gantry  system  (Vrba  at 
al.  1985)  which  moved  tha  bottom  of  tha  dawar  close  to  tha  subjeot'e  scalp  after  the 
position  of  tha  heed  was  localised  with  a  three-dimensional  digitiser.  Manuel 
control  was  then  used  to  m&ko  fine  adjustments  to  ensure  that  the  dawar  was  normal  to 
the  heed  end  as  close  as  possible  but  not  actually  touching  the  scalp.  Recordings 
over  left  and  right  tamporal  areas  wars  performed  with  the  subject  lying  on  the 
opposite  aide  end  an  optical  system  wae  used  to  rotate  the  visual  stimulus.  For 
ocolpital  recordings  the  subject  looked  down  through  a  hole  in  the  heed  support  and 
viewed  the  visual  stimulus  raflectsd  in  a  mirror.  An  origin  waa  dafined  as  s 
position  near  the  centre  of  the  heed  computed  as  a  point  on  a  horizontal  plane 
dafined  by  neaion  end  preaurlcular  points  where  a  line  projecting  from  neaion  to 
inion  intareacte  that  plana  and  a  vertical  plana  defined  by  a  line  from  vertex 
perpendicular  to  tha  horlsontal  plana.  MBG  and  EEG  wara  racordad  from  three 
subjects.  One  subject  waa  used  for  tha  extensive  mapping  atudy. 

Date  Analysis  end  Source  Localisation  Methods 

After  the  MEG  has  bean  racordad  from  a  sufficient,  number  of  positions  and  the 
evoked  magnetic  field  obtained  by  averaging  the  artifact-free  data,  topographical 
maps  ware  made  for  selected  time  intervals.  An  extension  of  a  least-squares  fitting 
program  praviously  reported  wae  used,  in  which  the  accuracy  of  source  localisation  of 
current  dipoles  Implanted  in  e  human  skull,  containing  an  alactrloally-oonduot iva 
medium  could  be  localised  with  sn  average  error  of  3.5  mm.  (ffelnberg  at  el.,  1986). 
This  extension  allows  two  Independent  sources  to  be  estimated  from  one  set  of 
recorded  date  (Harrop  at  el.,  1986).  In  this  method  the  values  are  computed  by 
employing  the  Biot-Savart  formula  to  detarmine  the  magnetic  field  at  an  arbitrary 
point  arising  from  a  current  dipole  at  a  fixad  point.  Account  la  taken  of  the 
nonuniformity  of  flux  distributed  across  the  faces  of  the  gradiometer  coils,  end  the 
actual  direction  of  the  gradiometer  (whloh  need  not  be  normal  to  the  head).  The 
calculations  due  not  require  e  spherical  model;  furthermore  it  is  not  assumed  that 
redial  components  of  dipoles  will  have  non-detectable  fields.  These  calculations 
Ignore  volume  currents,  the  contribution  of  which  may  be  non-negllglble .  However, 
for  dipoles  located  near  the  cortex  thee#  methods  appear  to  be  ee  eoourete  as  those 
whloh  esaume  a  spherical  modal  and  have  the  advantage  of  being  able  to  describe  any 
orientation  of  a  theoretical  equivalant  dlpola  by  taking  into  account  tha  non-normal 
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component  of  the  dipole  field.  Me  believe  this  method  to  be  as  valid  aa  thoae  which 
attune  sphericity  of  non- tphar ioal  heada.  Thia  technique  vai  applied  to  the 
eatimation  of  multiple  aourcea  simultaneously  active  during  the  intervale  of 
interest. 

E£££it£_£Qli..£i.££ii.£*i£Il 

The  results  reported  here  are  the  data  from  one  subject  (P.B.)  in  which  we  have 
completed  the  analysis.  Figure  2  ahows  the  iaocontour  magnetic  field  maps  for  the 
intervals  centered  at  283,  and  346  ms.  The  cursor  positions  show  these  intervals  in 
relation  to  the  BEG  response  averaged  from  the  vertex.  Examination  of  the  maps  makes 
it  olsar  that  ths  fields  are  not  dipolar  in  nature,  that  there  are  bilateral 
responses,  and  that  the  right  hemisphere  activity  could  battar  ba  described  as 
raaulting  from  two  aquivalant  dipoles. 

The  leaa t-squares  eatimatsa  of  souroa  locations  for  tha  aarly  raaponae,  fitting 
two  right  hamispher#  dipoles  and  on#  left  hemisphere  dipole,  are  shown  in  Fig.  3. 

Tha  right  hamisphsra  fits  of  two  dipolea  shown  in  Pig.  3  accounted  for  741  of  ths 
variance  of  the  recorded  MBG  after  1300  iterations.  The  single  dipole  fit  shown  for 
tha  laft  hamisphsra  accountad  for  301  of  tha  data  after  400  iterations.  For  tha 
later  component,  the  two  dipole  right  hemisphere  fits  for  thia  rsiponss  accountad  for 
591  of  tha  variance  aftar  1400  itarations  and  the  single  dipole  in  the  left 
hemisphere  fit  37%  of  the  variance. 

The  locations  shown  in  Pig.  3  art  eatimatsa  with  raapact  to  tha  origin  described 
above.  The  origin  waa  locatad  on  an  anatomical  atlas  and  the  positions  of  the 
dipolea  ware  related  to  the  anatomical  locations  shown  which  wars  similar  for  both 
tha  aarly  and  lata  components.  In  tha  right  hemisphere  tha  antarior  dipola  is 
estimated  to  be  in  the  Inferior  Frontal  Gyrus,  possibly  in  areas  8  or  9  of  Broadman's 
map.  Tha  right  hamlsphera  posterior  dipole  location  ia  estimated  aa  Broadman's  araa 
19,  a  preatriate  visual  association  area  near  the  border  of  parietal  and  temporal 
lobes.  Tha  laft  hamisphsra  dipole  waa  locatad  in  tha  poatarior  mid- temporal  to 
superior  temporal  lobs  daaoribed  by  Broadman  aa  araa  22. 

Pig.  4  shows  the  pattern  of  covariances  which  were  in  the  upper  95th  percentile. 
The  early  component  (left  panel)  shows  a  pattern  which  la  confined  to  striate  and 
preatriate  areas,  in  which  polarities  of  covarianca  in  right  hamisphere  are  generally 
oppoaita  that  in  left  hemisphere,  although  there  are  asymmetries.  The  pattern  of 
covariances  for  the  later  component  (right  panel)  ahowa  a  nuoh  more  widespread 
distribution  of  related  activity  in  which  tha  right  and  left  hemispheres  ara 
ganarally  of  diffarant  polarity.  Thar#  ia  a  high  covarianca  betwean  striata  and 
non-atrlate  on  right  aide  possibly  suggesting  the  involvement  of  right  hemisphere  in 
the  proceaaing  of  input  to  striate.  Theae  covariance  patterns  suggest,  as  does  the 
dipole  anelysis,  that  multipl#  dipola  souroas  are  involved  and  that  they  have  a 
specific  temporal  ralationahip  to  aach  other.  The  distribution  of  thoaa  sources  is 
different  end  more  widespread  for  tha  latar  component  of  tha  alectrlcal  evoked 
potential . 


The  results  reported  in  this  study  are  preliminary,  although  auggastlve.  Tha 
naxt  stags  of  thia  axparimant  ia  to  study  tha  ways  in  which  environmental  factors 
such  as  fatigue  (Angus  and  Raslsgravs,  1985)  influanca  brain  function  associated  with 
tha  registration  and  proceaaing  of  dynamic  RD8 1 . 


*  The  research  and  development  programme  described  above  la  supported  by  tha 
Canadian  Defence  and  Civil  Institute  of  Bnviornmental  Medicine. 
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Pig.  3.  (A  and  B)  Sagittal,  horiiontal ,  and  corona'  tactiona  of  tha  haad  showing  tha 
locations  of  ths  three  squivalant  d.lpolee  for  tha  two  time  intervals  Invast igated . 


Pig.  4.  Equidistant  projections  of  tha  haad  with  linas  connecting  those  positions 
for  which  tha  recorded  MEG  showed  the  highest  covariances  over  th*  time  intervals 
indicated . 
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DI8COMSIOM 


KAUFMAN,  US:  We  know  from  the  results  of  Caraon  and  Bachtoldr.  (Neuropevcholofila  7i  *9-39,  1969)  that 
stroke  victims  with  right  temporal  lobe  damage  are  unable  to  report  stereoscopic  depth  but  thoae  with  left 
temporal  lobe  damage  can  do  ao«  In  your  work  with  thla  problem,  have  you  conaidered  that  the  reeulte  may 
be  due  not  to  the  percaption  of  etereoacopic  depth  but,  rather,  to  the  preaence  of  a  dlaparity  atimulue  to 
disjunctive  or  convergent  aye  aovementa?  Alao,  ia  there  an  experimental  control  to  teat  the  fact  that 
locally  there  la  no  correlation  in  the  disparate  region  when  you  present  stimuli  of  that  type? 

WEINBERG,  CA:  Wo  tried  to  measure  eye  movements  to  vergence  in  the  EEG  and  were  not  able  to  see  anything* 

KAUFMAN,  USi  May  1  make  a  suggestion?  The  disparities  that  you  are  using  for  stereopsis  are  probably 
Panum-area  typea  that  would  be  on  the  order  of  about  8  minutes  of  arc,  which  you  could  not  poaaibly  detect 
using  electro-oculographic  recording.  Thia  ia  one  of  the  problems  with  convergence.  However,  the  ver¬ 
tical  dlaparity  would  produce  no  depth,  end  since  there  ere  few  disjunctive  vertical  eye  movements,  the 
control  condition  might  be  right  to  teet  for  correlation. 

WEINBERG,  CAi  We  haven't  done  the  studies  on  correlation  that  we  Intend  to  do*  Some  of  these  responses 
may  be  tha  results  of  correlation  rather  than  stereopsis.  Nell  did  this  effectively  in  his  thesis  (ref¬ 
erence  in  text);  in  fact,  we  used  hie  random  dot  stereogram  system  originally  but  we  did  not  do  the  cor- 
relogrema*  It  it  something  that  we  still  need  to  do. 

JOHN,  US*  I  would  like  to  compliment  you  on  the  consistent  and  analytical  way  you  approach  these  ques¬ 
tions.  I  know  that  the  steps  are  difficult,  but  I  wonder  if  one  shouldn't  use  the  double-labelled 
2-deoxyglucose  method  to  look  at  the  distribution  of  neuronal  activity  in  some  o£  these  situations.  Thia 
should  be  dona  with  Cl4-labellad  glucose  or  F18-labelled  glucose  in  positron  emission  tomography  (PET)  in 
man.  If  one  looks  with  "moving"  mlcroeleclrodes  in  the  conscious  animal  during  information  processing 
what  one  finds  is  s  pervasive  engagement  in  responding  to  stimulation  in  many  regions  in  the  brain.  It 
seems  to  me  that  someone  should  make  MEG  measurements  at  the  same  time  as  surface  measurements  of  the 
electrical  activity  on  the  scalp  are  made,  evoked  or  EEC,  while  probes  are  entering  the  brain  into  regions 
where  these  dipoles  ere  apparently  located.  The  distribution  of  activity  around  the  dipole  could  be 
measured  and  its  gradient  drawn.  Serial  sections  could  be  tak^n  afterwards  to  determine  from  the 
2-dooxyglucose  uptake  exactly  where  the  activity  wae  located.  1  do  not  understand  why  theee  direct 
correlations  between  metabolism,  single  cell  activity,  slow  potentials,  end  these  distributions  as 
inferred  at  a  distance  have  not  been  made.  Maybe  you  could  explain  it? 

WEINBERG,  CA:  Some  work  is  being  done  to  obtain  estimates  on  source  metabolism  using  MEG  and  PET,  but 
this  is  a  difficult  process  because  it  is  necessary  to  rotate  the  co-ordinate  system  that  you  are  using  in 
these  two  modalities. 

KAUFMAN,  US:  Yoshio  Okada  at  New  York  University  is  doing  work  using  slices  of  turtle  cerebellum  and 
utilicing  the  techniques  developed  over  the  years  by  Nicholson  and  Llinas  and  others.  He  is  able  to  work 
very  carefully  stimulating  specific  fiber  tracts,  plotting  the  associated  field  in  a  shielded  environment, 
and  la  locating  current  dipolea  inside  the  neurons. 

WEINBERG,  CA:  I  agree  that  Dr,  Okada  'S'Vfork  will  provide  much  needed  insight  into  the  way  sources  are 
estimated  from  current  flow  or  "sheets"  of  neurons.  However,  I  think  Dr.  John  is  asking  for  something 
additional  to  that.  He  wants  to  actually  produce  a  Jipole  estimate  Cor  some  somatosensory,  auditory  or 
other  stimulus  in  au  Intact  "breathing"  brain  which  is  processing  information,  and  then  put  an  electrode 
through  that  part  of  the  brain  to  see  if  there  are  any  reversals.  If  there  are  no  reversals,  then  we  are 
in  trouble. 

JOHN,  US:  There  are  a  number  of  published  papers  by  Ramoa,  Morgades,  and  John,  in  one  order  or  another  in 
which  chronically  implanted  multiple  microelectrodes  were  uaed  to  probe  long  distances  in  the  brain  in 
naive  and  trained  animals  in  which  we  were  looking  for  poststi raulus  histograms,  evoked  potentials,  and 
gradients  that  would  give  some  Indication  of  whether  or  not  there  were  sinks  and  sources.  We  found  none. 

WEINBERG,  CA:  People  have  been  doing  this  for  some  time  and  have  been  finding  reversals;  certainly  in  the 
temporal  lobe.  However,  these  are  not  asrociated  with  the  dipoles  which  are  estimated  as  a  result  of 
sensory  stimulation.  I  think  that  this  needs  to  be  done. 

BERRY,  US:  How  might  theee  techniques  actually  be  used  to  predict  performance  in  various  kinds  of  tasks? 
Would  you  look  for  changes  in  the  location  of  dipoles  or  changes  in  the  strength  or  what? 

WEINBERG,  CA:  The  stereopsis  study,  for  example,  is  being  supported  by  DCIEM.  One  of  the  ideas  behind 
this  project  is  to  see  if  you  can  observe  the  ■ haracter  of  these  sources  and  their  changes  under  condi¬ 
tions  of  stress.  You  should  be  able  to  predi<  when  stereopsis  falls  apart,  for  different  conditions  of 
•treas,  without  having  to  bring  individuals  to  chest  states  of  stress.  Secondly,  you  might  be  able  to 
Identify  those  people  who  have  more  capabilities  .or  maintaining  stereopsis  under  different  kinds  of 
stress. 
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Over  the  past  decade  considerable  strides  have  been  made  in  explicating  the 
antecedant  conditions  necessary  for  the  elicitation,  and  the  modulation  of  the 
amplitude  and  latency,  of  a  number  of  components  of  the  event-related  brain 
potential  (EBP).  He  focus  in  this  report  on  the  P300.  Much  work  in  our 
laboratories  and  elsewhere  has  begun  to  elucidate  the  functional  significance  of 
the  P300  (Desmedt,  1980;  Donchin,  1981i  Pritchard,  1981;  Sutton  and  Ruchkin, 

1984).  These  data  contribute  to  the  analysis  of  cognitive  function  and  are 
therefore  of  theoretical  interest.  However,  in  this  paper  we  will  dwell  mostly  on 
the  degree  to  which  those  paychophysiological  measures  contribute  to  issues  in  two 
real-world  domains;  co.nmunication  devices  for  the  motor  imparted  and  the 
assessment  of  mental  workload  of  aircraft  pilots.  Although  these  two  domains  may 
appear  to  be  quite  heterogenous  they  both  require  relatively  rapid  communication 
of  information,  a  problem  for  which  components  of  the  ERP  may  prove  useful.  It  is 
Important  to  note  that  techniques  are  available  in  both  of  these  domains  that 
address  the  communication  problem.  Thus,  if  the  ERPs  are  to  prove  truely  useful 
in  this  endeavour  they  must  be  shown  to  provide  information  that  complements  the 
information  already  obtained  from  these  other  techniques. 

One  characteristic  of  the  P300  component  of  the  ERP  that  makes  it  a  candidate 
measure  of  cognitive  processes  of  interest  in  these  domains  is  its  sensitivity  to 
the  task  relevance  of  a  stimulus  or  response.  Numerous  studies  have  demonstrated 
that  a  P300  is  elicited  only  if  a  subject  actively  processes  or  attends  to  a 
stimulus.  Ignored  stimuli  do  not  elicit  a  P300  (Donchin  and  Cohen,  1967; 
Duncan-Johnson  and  Donchin,  1977).  In  the  context  of  the  assessment  of  pilot 
workload,  it  would  be  of  interest  to  know  whether  the  P300  would  reflect  the 
graded  decrement  in  processing  that  is  characteristic  of  gradual  increases  in 
workload  level  (Donchin,  Kramer  and  Wickens,  1986;  Kramer,  198V).  Thus,  within 
this  domain  it  is  not  enough  that  the  amplitude  of  the  P300  discriminates 
processed  from  unprocessed  events,  but  magnitude  of  processing  must  also  be 
reflected  in  the  P300.  In  contrast,  the  construction  of  a  "mental  prothesis"  for 
the  motor  imparled  requires  only  that  the  P300  reflects  which  item  in  an  array  of 
items  is  being  actively  processed.  However,  it  is  important  that  such  a 
commun  cation  device  does  not  require  the  user  to  fixate  the  item  to  be 
communicated. 

Experiment  ^  -  Assesment  of  Pilot  Workload 

The  program  of  research  that  wo  have  conducted  to  addross  issues  of  mental 
workload  is  particularly  consistent  with  a  resource  theory  framework  (Freidmar,  and 
Poison,  1981;  Navon  and  Gopher;  1979;  Wickens,  1980;  1984).  Within  this  framework 
the  performance  decrements  observed  in  multi-task  paradigms  are  attributed  to  the 
depletion  of  one  or  more  of  a  set  of  finite  resources.  Thus,  if  two  difficult 
memory  tasks  are  timeshared  it  is  assumed  that  one  of  the  tasks  will  require  a 
majority  of  the  resources,  leaving  an  insufficient  supply  for  t.h6  performance  of 
the  other  task.  Within  this  context,  mental  workload  can  bo  described  as  the  cost 
of  performing  one  task  in  terms  of  a  reduction  in  the  capacity  to  perform 
additional  tasks  given  that  the  two  tasks  overlap  in  their  resource  demands. 
Although  this  theory  provides  a  good  account  of  the  results  in  both  laboratory  and 

operational  environments,  the  hypothetical  resources  must  be  Inferred  from 
performance  measures. 

In  research  performed  in  a  number  of  laboratories,  it  has  been  found  that  the 
amplitude  of  the  P300  component  mimics  the  resource  tradeoffs  presumed  to  underlie 
dual  task  decrements  (Defsyolle,  Dinand  and  Gentil,  1971;  Horst,  MunBon  and 
Ruchkin,  1984;  Isreal,  Chssnoy,  Wickens  and  Donchin,  1980;  Kramer,  Wickens  and 
Donchin,  1983,  1985;  Lindholm,  Cheatham,  Koriath  and  Longridge,  1984;  Natani  and 
Comer,  1981;  Strayer  and  Kramer,  1986;  Wickens,  Kramer,  Vanaase,  Heffley  and 
Donchin,  1983).  The  general  paradigm  employed  in  these  studies  requires  subjects 
to  perform  two  tasks  concurrently.  One  task  is  designated  as  primary  and  the 
other  task  as  secondary.  Subjects  are  instructed  to  maximize  their  performance  on 
the  primary  task  and  devote  any  additional  resources  to  the  performance  of  the 
secondary  task. 

Primary  tasks  have  Included  system  monitoring,  decision  making,  and  manual 
control.  Secondary  tasks  have  required  subjects  to  discriminate  between  tones  of 
different  frequencies  or  lights  of  different  intensities.  In  general,  the 
response  demands  of  the  secondary  probe  tasks  have  been  minimal,  requiring 
subjects  either  to  covertly  count  the  total  number  of  one  type  of  event  or  respond 
to  an  occasional  target  probe. 


ERPs  are  elicited  by  events  in  either  one  or  both  of  the  tasks.  Increases  in 
the  perceptual/cognitive  difficulty  of  the  primary  task  result  in  a  decroase  in 
the  amplitude  of  the  P300s  elicited  by  the  secondary  task.  Conversely,  P300e 
elicited  by  discrete  events  embedded  within  the  primary  task  increase  in  amplitude 
with  increases  in  primary  task  difficulty.  Furthermore,  changes  in  response 
related  demands  a  task  have  no  influence  on  the  P300  (Isreal  et  al.,  1080). 

The  reciprn-i'.  relationship  between  P300s  elicited  by  primary  and  secondary 
te-k  stimuli  is  consistent  with  the  resource  tradeoffs  presumed  to  underlie 
dual-task  performance  decrements  (Kahneman,  1973;  Navon  and  Gophor,  1979)  Sanders, 
1979;  Wickens,  1980).  That  is,  resource  models  predict  that  as  the  difficulty  of 
one  task  is  increased,  additional  resources  are  re-allocated  to  that  task  in  order 
to  maintain  performance,  thereby  depleting  the  supply  cf  resources  that  could  have 
been  used  in  the  processing  of  other  tasks.  Thus,  the  P300  appears  to  provide  a 
measure  of  resource  tradeoffs  that  can  only  be  inferred  from  more  traditional 
performance  measures.  Furthermore,  P300s  elicited  by  secondary  task  events  are 
selectively  sensitive  to  the  perceptual/cognitive  demands  imposed  upon  the 
operator.  This  selective  sensitivity  may  be  especially  useful  in  decomposing  the 
changing  processing  requirements  of  complex  tasks  (Kramer  et  al.,  1983). 

One  might  ask  why  ERPs  should  be  used  to  monitor  changes  in  resource  demands 
given  that  several  technically  simpler  approaches  to  the  assessment  of  mental 
workload  have  already  been  proposed.  Although  numerous  performance-based  measures 
of  mental  workload  exist,  they  suffer  from  several  drawbacks.  First,  some  of  the 
measurement  techniques  require  subjocts  to  perform  a  secondary  task  which 
frequently  Interferes  with  the  performance  of  the  task  of  interest  (Knowles,  1963) 
Rolfe,  1971)  Wickens,  1979).  This  is  clearly  unacceptable  in  an  operational 
environment  in  which  the  safety  of  the  operator  must  be  assured.  Even  in  the 
laboratory  setting  it  is  difficult  to  determine  which  of  the  two  tasks  generated 
an  observed  performance  decrement  since  the  performance  on  the  two  Leeks  is  easily 
confounded.  Second,  performance-based  measures  of  mental  workload  provide  an 
output  measure  of  the  operator's  information  processing  activities  (e.g.  RT, 
accuracy).  Thus,  at  best,  performance  measures  provide  only  an  Indirect  index  of 
cognitive  function.  Third,  performance  measures  do  not  dlways  correlate  highly 
with  the  actual  workload  of  the  teaks  (Brown,  1978)  Dornic,  1980)  Ogden,  Levine, 
and  Eisner,  1979).  It  has  been  shown  in  a  number  of  situations  that  subjects  may 
compensate  for  increased  workload  by  expending  additional  effort.  However,  this 
effort  is  not  always  reflected  in  performance  measures  (Vicente,  Thornton  and 
Moray,  1987).  Fourth,  although  subjective  measures  are  relatively  easy  to  collecc 
and  possess  high  face  validity  they  do  not  reflect  the  moment  to  moment  variations 
in  workload  that  are  indexed  by  physiological  measures. 

The  goal  of  the  presont  experiment  was  to  augment  the  conclusions  drawn  from 
the  studies  cited  above  by  demonstrating  that  the  dual-task  ERP  paradigm  could  be 
employed  in  a  complex  real-world  situation  to  provide  information  concerning 
mental  workload  and  residual  capacity.  Student  pilots  performed  a  series  of  dual¬ 
task  flight  missions.  In  each  case,  the  primary  task  consisted  of  performing  a 
specified  flight  scenario  under  Instrument  Flight  Rule  ( IFR)  conditions.  The 
difficulty  of  the  primary  task  was  varied  in  two  ways.  "Between  mission" 
difficulty  was  manipulated  by  varying  the  direction  and  speed  of  wind  conditions, 
the  severity  of  turbulence,  and  the  probability  of  a  subsystem  failure  during  a 
critical  portion  of  the  mission.  A  second  way  that  difficulty  was  manipulated 
might  be  labeled  "within  mission"  difficulty.  In  this  case  we  capitalized  on  the 
different  levels  of  processing  demand  inherent  in  the  flight  task  (i.e.  straight 
and  level  vs.  approach  to  landing). 

The  secondary  taak  consisted  of  a  concurrently  performed  go/no-go  auditory 
discrimination  task  In  which  subjects  pressed  a  button  in  response  to  the 
presentation  of  one  of  two  tones.  ERPs  associated  with  the  secondary  task  tones, 
overt  performance  measures  from  the  flight  task  and  discrimination  task,  and 
subjective  indices  of  task  difficulty  were  examined  to  assess  the  extent  to  which 
the  manipulations  of  primary  taak  difficulty  modulated  the  mental  workload 
associated  with  the  flight  task. 

Method 

Subjects  Seven  student  pilots  enrolled  in  Aviation  210  at  the  University  of 
Illinois'  Willard  Airport  participated  in  the  study.  The  3tudent  pilots  possessed 
a  private  pilots  license  and  had  a  basic  familiarity  with  IFR  flight  skills.  All 
of  the  pilots  were  between  the  agos  of  20  and  26  and  had  normal  hearing  and  normal 
or  corrected  to  normal  vision. 

Simulator  and  Stimulus  Generation  Equipment  The  ILLIMAC  flight  system  used  in 
the  experiment  consisted  of  a  fixed  based  flight  simulator  that  was  designed 
around  the  INTEL  8086  digital  microprocessor.  In  the  presont  study  the  simulator 
was  configured  to  mimic  the  flight  characteristics  of  the  BEECHCRAFT  Sport  180,  a 
single  engine  aircraft  with  fixed  gear  and  a  fixed  propeller.  The  ILLIMAC  flight 
panel  contained  the  instrumentation  and  navigational  radios  required  for 
instrument  flight  conditions.  Flight  performance  measures  were  digitized  at  the 
rate  of  30  Hz  and  transferred  via  a  RS232  link  to  a  DEC  PDP  11/73  computer. 
Performance  measures  included  deviations  from  assigned  heading,  altitude,  airspeed 
and  glldesiope. 

The  auditory  stimuli  employed  for  the  secondary  task  were  produced  by  an 
audio-generator  and  binaurally  presented  to  the  pilots  through  headphones.  ERPs, 
flight  performance  data,  and  secondary  task  RTs  were  recorded  on  magnetic  tape  for 
off-line  analysis. 
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procedure  An  1FR  flight  plan,  roundtrip  from  Champaign.  Illinois  to  Octoa 
intersection,  formed  tha  framework  within  which  the  processing  demands  imposed 
upon  the  student  pilots  were  investigated  (see  Champaign  approach  plate  AL-709, 

ICS  Runway  32  for  additional  details).  The  flight  included  a  takeoff,  straight  and 
level  segment,  three  holding  patterns,  and  an  instrument  landing  system  (ILS) 
approach  to  landing.  Each  pilot  flow  a  total  of  four  45  minute  missions  in  the 
flight  simulator.  In  the  first  session,  the  students  flew  the  course  twice. 

These  flights  served  to  familiarize  the  subjects  with  the  IPR  flight  plan  and  the 
dynamics  of  the  simulator.  Both  of  the  missions  were  flown  under  the  easy  flight 
conditions  (no  wind,  turburience  or  subsystem  failures).  Since  the  flights  wore 
considered  practice,  the  performance  data  will  not  bo  dealt  with  in  the  present 
report. 

In  the  second  session,  subjects  again  flew  the  flight  path  twice.  However,  In 
this  session  one  of  the  two  flights  included  30  mph  winds  from  270  degrees, 
moderate  turbulence,  and  a  partial  suction  failuro  in  the  heading  indicator  during 
approach  to  landing.  The  presentation  order  of  the  easy  and  difficult  flights  was 
counterbalanced  across  subjects.  A  Certified  Flight  Instructor  (CFI)  was  present 
during  each  flight  to  instruct  the  subjects  on  the  flight  scenarios  and  to 
evaluato  their  performance.  Upon  completion  of  each  of  the  two  flights,  subjects 
were  asked  to  rate  the  difficulty  of  the  flight  as  a  whole,  as  well  as  each  of  the 
individual  flight  segments.  Each  of  the  flight  missions  lasted  approximately  45 
min.  Subjects  recieved  a  15  min  rest  break  between  flights. 

In  addition  to  the  flight,  task  subjects  performed  another  task  both  separately 
and  concurrently  with  the  flight.  The  task  required  the  student  pilots  to  monitor 
a  Bernoulli  sequence  of  auditory  stimuli  presented  binaurally  through  headphones. 
Two  different  tone  frequencies  (1000  hz  and  1500  Hz)  were  used.  One  of  the  tones 
was  designated  as  the  target  and  was  presented  on  301  of  the  trials.  Subjects 
responded  to  targets  by  depressing  a  switch  located  on  the  left  side  of  the 
control  yoke.  Both  speed  and  accuracy  were  emphasized  in  the  instructions. 
Non-targets,  which  were  presented  70%  of  the  time,  did  not  require  a  response. 
Tones  were  50  msoc  (including  a  10  msec  rise/fall  time,  65  d8)  in  duration,  and 
were  presented  every  1.4  to  1.7  secs. 

ERP  Recording  System  Electroencephalographic  (EEG)  activity  was  recorded  from 
three  midline  sites  (Fz,~  Cz,  and  Pz  according  to  the  International  10/20  system! 
Jasper,  1958)  and  referred  to  linked  mastoids.  Beckman  Biopotential  Ag-AgCl 
electrodes  filled  with  Grass  electrode  paste  wore  attached  to  all  scalp  siteB  as 
well  as  to  a  forehead  ground.  In  addition,  identical  electrodes  were  placed  above 
and  below  the  subject's  right  eye  to  evaluate  Electrooculographlc  (EOG)  activity 
in  the  vertical  plane.  All  electrode  impedances  were  maintained  below  10  kohms. 

The  EEG  and  EOG  channels  were  amplified  by  Grass  model  12A5  amplifiers  with  a 
10  second  time  constant  and  an  upper  half  amplitude  of  35  Hz,  3  dB/octave  rolloff. 
The  recording  epoch  for  a) 1  channels  was  1300  msec  beginning  100  msec  prior  to  the 
presentation  of  secondary  task  tones.  The  data  channels  wore  digitized  every  5 
msec  and  were  digitally  filtered  off-line  (-3  dB  at  6.27  Hz;  0  dB  at  14.29  Hz) 
prior  to  further  analysis.  Artifactual  contributions  to  the  EEG  from  EOG  activity 
wore  evaluated  and  eliminated  off-line  by  submitting  the  data  to  an  eye  movement 
correction  procedure  (Gratton,  Coles,  and  Donchin,  i983). 

Results 

Flight  performance  and  probe  discrimination  data  The  flight  performance  data 
were  collected  to  assess  the  validity  of  the  difficulty  manipulations,  both  within 
and  across  missions.  Two  measures  of  flight  performance,  heading  and  altitude 
deviation,  were  recorded  in  all  flight  segments  in  both  easy  and  difficult 
missions.  These  indices  were  submitted  to  a  two-way  repeated  measures  analysis  of 
variance.  One  additional  measure,  deviation  from  the  glideslope,  was  recorded  in 
both  the  easy  and  difficult  scenarios  in  the  final  flight  segment.  Table  1 
presents  the  mean  values  of  the  flight  performance  measures  for  both  easy  and 
difficult  flights. 

All  three  of  the  flight  performance  measures  indicated  that  our  between 
mission  experimental  manipulations  successfully  influenced  the  difficulty  of  the 
flight  task.  When  the  student  pilots  were  required  to  fly  the  45  min  mission  with 
high  winds,  moderate  turbulence,  and  a  subsystem  failure  during  approach  to 
landing  their  deviations  from  command  altitude  increased  (F(l,6)*6.6,  p<.05), 
their  ability  to  accurately  track  the  glideslope  decreased  (F(l,6)*8.0,  p<.05), 
and  their  deviations  from  assigned  headings  increased  ( F( 1 ,6)“9. 1 ,  p<.05)  relative 
to  the  mission  with  r.o  wind,  turbulence,  or  subsystem  failures.  Flight 
performance  was  also  Influenced  by  mission  segment  irrespective  of  between  mission 
difficulty  (see  table  2).  Subjects  were  more  accurate  at  maintaining  their 
assigned  headings  during  straight  and  level  flight  and  holding  patterns  than  they 
W9re  during  takeoff  and  landing.  ( F( 3 , 18  )  »4 . 3 ,  p<.05).  However,  students 
performance  on  the  altitude  measure  did  not  differ  as  a  function  of  flight 
segment.  Thus,  flight  performance  measures  most  strongly  discriminated  between 
easy  and  difficult  flights,  while  inter-segment  differences  were  found  for  only  a 


subset  of  ths  performance  measures. 

Performance  measures  for  the  ERP  eliciting  probe  teak  are  presented  in  Table  1 
for  the  between  mission  comparison  and  in  Table  2  for  the  comparison  eoross  flight 
segments,  subjects  ware  uniformly  accurate  across  missions  and  flight  segments 
with  response  accuracy  ranging  from  89  to  93  percent.  Neither  RTs  nor  accuracies 
differed  as  a  function  of  flight  segments  or  missions  ( p> . 0 5 ) .  Thus,  any 
differences  among  the  ERPo  elicited  in  different  flight  conditions  cannot  be 
attributed  to  the  subjects'  failure  to  perform  the  probe  task  in  the  more 
difficult  flight  missions  or  segmonts. 

TABLE  1 

Mean  simulator  performance,  probe  discrimination  reaction  time  and  accuracy,  and 
subjective  workload  ratings  for  easy  and  difficult  flights  (standard  deviations 
are  in  parentheses). 


MEASURES  FLIGHT  MISSIONS 

EAST  FLIGHT  UIFFICULT  FLIGHT 


Heading  deviation 

1.86 

(.67) 

3.08 

(  .90) 

(degrees) 

Altitude  deviation 

40.3 

(17.8) 

70.9 

(37.8) 

( feet) 

subjsctlve  workload 

115.2 

(12.7) 

137.8 

(21.6) 

ratings 

Probe  reaction  time 

580.0 

(139.5) 

604.0 

(119.3) 

(msec) 

Probe  accuracy 

92.4 

(6.0) 

89.0 

(7.2) 

(percent  correct) 
Glldeslope  deviation 

.35 

(.21) 

.74 

(  .38) 

(degrees) 

TABLE  2 

Mean  simulator  performance,  probe  discrimination  reaction  time  and  accuracy,  and 
subjective  workload  ratings  for  the  four  flight  segments  (standard  deviations  are 
in  parentheses). 


MEASURES 


Heading  deviation 
( degrees) 

Altitude  deviation 
( feet) 

Subjective  workload 
ratings 

Probe  reaction  time 
(msec) 

Probe  accuracy 
(percent  correct) 


Subjective  Workload  Ratings  Table  1  presents  the  subjective  workload  ratings 
for  the  between  "mission  comparisons  while  Table  2  displays  the  ratings  for  each  of 
the  flight  segments.  Each  of  the  flight  eegments  in  the  easy  and  difficult 
flights  were  rated  relative  to  a  straight  and  level  segment  that  was  flown  prior 
to  the  experimental  flights.  Subjects  made  their  ratings  subsequent  to  each 
mission  and  were  permitted  to  assign  any  numerical  value  to  their  estimates  of 
subjective  workload.  The  ratings  were  normalised  prior  to  statistical  analysis. 

Subjects  rated  the  flight  mission  with  high  winds,  moderate  turbulence,  and  a 
partial  suction  failure  in  the  heading  indicator  during  ILS  approach  as  having  a 
significantly  higher  workload  than  the  flight  without  wind,  turbulence  or 
subsystem  failures  ( F( 1 ,6 )*18 .7 ,  p<,01).  Subjective  ratings  also  discriminated 
among  flight  segments  (F(l,6)»6.0,  p<.01).  The  subjects'  estimated  the  takeoff, 
holding  pattern  and  landing  segments  to  be  equally  difficult,  while  straight  and 
level  flight  was  estimated  to  be  easier  than  the  other  three  segments  (F(l,6)*9.8, 

p<. 01). 

A  comparison  of  the  flight  performance  measures  and  the  subjective  workload 
ratings  suggest  that,  for  the  most  part,  the  pilots'  subjective  estimates 
corresponded  well  with  their  performance  on  the  flight  task.  Both  the  performance 
measures  and  the  subjective  ratings  discriminated  between  easy  and  difficult 
missions.  Flight  segments  were  also  differentiated  by  subjective  and  objective 
measures . 


FLIGHT  SEGMENTS 

Straight  Holding 

Takeoff  and  Level  Patterns  Landing 

2.89  (1.03)  1.87  (1.06)  1.92  (.81)  3.19  (1.44) 

53.6  (32.2)  60.1  (12.5)  41.9  (11.2)  67.4  (58.6) 

128.6  (18.5)  117.2  (10.1)  128.4  (13.1)  133.0  (21.7) 

604.0  (101)  564.0  (135)  584.0  (127)  617.0  (146) 

89.4  (7.3)  93.1  (6.0)  92.2  (6.4)  89.6  (6.4) 
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Figure  1,  Parietal  grand  average  ERPa  overplotted  for  the  tone  discrimination 
task  alone  and  both  of  the  flight  missions. 


Event  Related  Potentials  Figure  1  presents  the  ERPa  recorded  at  Pa 
overplotted  i or  the  three  conditions.  Although  a  number  of  components  can  be 
discerned  by  visual  inspection  of  the  waveforms  we  will  concentrate  on  the  large 
positive  deflection  occurring  at  approximately  350  msec  poet-stimulus.  This 
component  increases  in  amplitude  from  the  frontal  to  the  parietal  recording  site 
and  appears  to  discriminate  among  levels  of  task  difficulty.  In  a  single  task 
condition  the  amplitude  of  this  component  was  influenced  by  both  stimulus 
probability  and  task  relevance.  Based  on  these  criteria  the  component  can  be 
identified  ae  the  P3C0  (Donchln,  Ritter  and  HcCallum,  1 978 f  Kramer,  1985)  Sutton 
and  Ruchkin,  1984). 

The  single  trial  ERPs  wore  corrected  for  eye  movement  artifacts  and  then 
averaged  within  experimental  conditions.  The  amplitude  and  latency  of  the  P300'8 
were  obtained  from  single  trials.  Peak  latencies  and  amplitudes  were  defined  as 
the  largest  positive  deflection  within  a  300  to  600  msec  window  relative  to  the 
pre-stimulus  baseline.  Two  separate  analyses  were  performed  on  the  P300  data.  In 
the  between  mission  analysis,  P300  measures  were  submitted  to  three  way  repeated 
measures  analyses  of  variance  (?  single/dual  tasks  x  2  probe  types  x  3 
electrodes).  Three  factors  were  also  entered  into  the  within  flight  analyses  of 
variance  (4  flight  segments  x  2  probe  types  x  3  electrodes). 

One  of  the  major  questions  in  the  present  study  was  the  extent  to  which  P300 
amplitude  would  discriminate  among  levels  of  workload  imposed  upon  the  student 
pilots  by  the  flight  tasks.  The  main  effect  of  flight  mission  indicated  that  P300 
amplitude  was  sensitive  to  the  task  demands  of  the  different  missions 
( F( 2 ,12) »4 .7 ,  p< . 05 ) •  Post-hoc  comparisons  further  indicated  that  P300s  elicited 
by  the  tones  in  the  discrimination  task  wore  largest  in  the  single  task 
conditions,  of  intermediate  amplitude  when  the  students  were  flying  with  no  wind, 
turbulence,  or  subsystem  failures,  and  smallest  with  high  winds,  turbulence  and  a 
heading  indicator  failure  (for  all  comparisons  p<.05).  This  systematic  decrease 
in  the  amplitude  of  the  P300s  elicited  by  the  tone  discrimination  task  alone  and 
combined  with  the  flight  missions  mimics  the  resource  tradeoffs  presumed  to 
underlie  multi-task  performance, 

A  main  effect  of  flight  mission  was  also  found  for  the  P300  latency  variable 
( F(3 ,18 )»11 . 3 ,  p<.01).  Post-hoc  comparisons  indicated  that  this  effect  could  be 
attributed  to  the  significant  difference  between  single  and  dual-tasks  (p<.05). 
However,  latencies  did  not  differ  between  the  two  flight  missions.  This  finding 
suggests  that  the  difference  in  P300  amplitude  between  the  two  flight  missions 
cannot  be  accounted  for  by  Increased  letency  variability  in  the  difficult  flight. 
Given  that  single  task  P300  latencies  are  often  shorter  than  dual-task  latencies, 
we  feel  that  we  can  safely  conclude  that  the  P300  component  successfully 
discriminated  between  single  and  dual-tasks  ae  well  as  between  the  two  versions  of 
the  flight  task. 

Our  second  analysis  compares  ERP  components  elicited  during  the  four  flight 
segments.  It  was  predicted  that  the  P300s  elicited  by  the  tones  in  the  more 
difficult  flight  segments  would  be  smaller  than  those  recorded  during  the  easier 
flight  segments,  reflecting  increased  processing  demands  in  the  more  difficult 
conditions.  Although  the  within  mission  comparisons  yielded  weaker  effects  for 
the  performance  and  subjective  measures  than  the  between  mission  analysis,  an 
ordering  of  the  flight  segments  could  be  ascertained.  The  straight  and  level 
flight  segment  end  the  holding  pattern  were  flown  with  smaller  heading  deviations 
than  the  takeoff  and  landing  components  of  the  missions.  The  student  pilots  also 
rated  the  straight  and  level  segment  to  be  subjectively  easier  than  the  other 
three  segmenta.  Although  the  ordering  of  the  P30Q  amplitudes  wae  consistent  with 
these  measures  (the  maan  amplitudes  of  the  segments  were  209,  525,  508  and  283, 
respectively)  the  main  effect  for  flight  segment  did  not  attain  statistical 
significance  (p>.0$).  However,  a  small  but  significant  correlation  was  obtained 


bstwssn  ths  amplitude  of  the  P300  and  the  deviation  from  command  heading  (R  » 
-.37).  indicating  that  the  amplitude  of  P300  decreased  with  increases  in  heading 
deviation.  The  latency  of  P30U  did  not  differ  acroaa  flight  segment*. 

Oiscuation 

The  rseults  of  the  present  experiment  provide  preliminary  support  for  the 
assertion  that  components  of  the  ERP  can  provide  aenaitive  and  reliable  measures 
ot  the  task  demands  imposed  upon  operators  of  complex,  real-world  aystems.  The 
p 100  varied  in  a  systematic  manner  in  response  to  the  demands  of  different 
vursions  of  the  flight  task.  Relative  to  conditions  in  which  tho  tone 
discrimination  task  was  performed  alone#  the  amplitude  of  the  P300  decreased  whon 
the  student  pilots  performed  the  easy  version  of  the  flight  task.  Further 
decreases  in  T300  amplitude  were  observed  when  the  difficulty  of  the  flight  teak 
was  increased  through  the  manipulation  of  wind  apeed,  turbulence,  and  the 
probability  of  subsystem  failures.  Although  the  within  mission  effects  were  not 
as  dramatic  as  the  between  mission  comparisons,  a  small  but  significant 
correlation  between  P300  amplitude  and  heading  deviation  was  obtained  across 
flight  segments. 

The  sensitivity  of  the  P300  to  the  processing  demands  of  the  different  flight 
missions  is  noteworthy  for  several  reasons.  First,  the  changes  in  the  amplitude 
of  the  P300  as  a  function  of  task  demands  mimics  the  modulation  of  resources 
presumed  to  underlie  variations  in  operator  performance-  Resource  models  predict 
that  as  task  demands  increase  additional  resources  will  be  allocated  to  the  high 
priority  task  thereby  withdrawing  resources  from  tasks  of  lesser  importance  (Navon 
and  Gopher,  1979)  Wickena,  1980).  The  amplitude  of  the  P300s  elicited  by  the 
secondary  probe  task  decreased  with  increases  in  the  difficulty  of  the  flight 
task.  Other  studies  have  found  that  P300s  elicited  by  primary  task  events 
increase  in  amplitude  with  increases  in  task  demands  (Kramer  et  al.,  1985).  Thus, 
it  appears  that  the  P300  provides  a  msasurs  of  the  hypothetical  resources  that  can 
only  be  inferred  from  more  traditional  meaeurement  techniques. 

A  second  point  concerne  the  uee  of  the  secondary  task  procedure  in  the 
assessment  of  mental  workload.  The  resource  demands  of  a  primary  task  are  usually 
Inferred  from  decrements  in  secondary  task  performance  (Ogden  et  al.,  1979). 
However,  a  particular  difficulty  of  the  secondary  task  methodology  is  the 
intrusion  of  the  secondary  task  into  primary  task  performance,  thereby 
complicating  the  Interpretation  of  the  performance  decrements.  In  the  present 
study,  our  secondary  probe  task  required  a  relatively  simple  discrimination  and  an 
occassional  overt  response.  In  fact,  secondary  task  performance  did  not 
discriminate  among  levels  of  primary  task  difficulty.  Secondary  task  reaction 
time  and  accuracy  was  uniformly  high  in  all  conditions.  On  the  other  hand,  tho 
P300  elicited  by  the  probe  stimuli  did  discriminate  among  the  demands  of  tho 
flight  task.  Thus,  the  ERP  eliciting  probe  task  provides  a  sensitive  metric  of 
resource  demands  without  intruding  upon  the  performance  of  the  task  of  interest,  a 
clear  advantage  in  operational  settings.  However,  this  is  not  to  imply  that  even 
a  relatively  nonintruslve  secondary  task  is  an  ideal  workload  assessment  procedure 
in  complex,  real-world  systems.  Clearly,  a  more  acceptable  solution  would  be  the 
elicitation  of  ERP  components  by  primary  task  events,  thereby  negating  the 
requirement  for  any  type  of  secondary  task.  Such  a  procedure  has  been 
successfully  employed  in  the  laboratory  and  we  are  currently  exploring  its 
efficacy  in  operational  settings  (Kramer  et  al.,  1981)  Sirevaeg  et  al.,  1984). 

A  third  point  concerns  the  nature  of  the  metric.  Although  ERP  components 
certainly  qualify  aa  physiological  measures,  they  are  somewhat  unique  in  that  they 
are  selectively  sensitive  to  a  subset  of  processing  demands.  Autonomically 
mediated  measures  such  as  heart  rate  variability,  respiration,  blood  prsssure,  and 
skin  conductance  are  influenced  by  ambient  environmental  conditions,  anxiety  and 
physical  exertion  in  addition  to  mental  workload  (Williges  and  ulerwille,  1979). 
Therefore,  these  measures  are  sensitive  to  workload  in  general  but  are  not 
diagnostic  in  the  sense  of  identifying  the  source  of  the  processing  demands.  The 
P300  is  sensitive  to  information  processing  demands,  snd  more  specifically  it  is 
influenced  by  perceptual/cognitive  demands  but  not  motor  processes.  Thus,  unlike 
other  physiological  measures,  ERP  components  are  quite  diagnostic. 

Experiment  II  -  Proposal  for  a  Mental  Prothesls 

This  program  of  research  has  focused  on  the  development  of  a  system  that 
provides  a  means  for  an  individual  to  communicate  using  ERPs.  The  development 
effort  capitalizes  on  the  sensitivity  of  the  P300  component  to  the  task  relevance 
of  a  atimulus  or  response.  Thus,  if  an  individual  selectively  processes  a  single 
item  embedded  in  a  matrix  of  items  the  attended  item  will  elicit  a  P300.  P300's 

will  not  be  elicited  by  the  unattended  items.  We  propose  that  the  sensitivity  of 
the  P300  to  this  category  distinction  can  be  exploited  to  communicate  information 
that  an  individual  wishes  to  convey.  It  is  important  to  emphasize  that  neither 
speech  nor  any  other  motor  system  is  necessary  tor  this  communication  process. 

The  system  works  in  the  following  manneri  a  6-by-6  matrix  containing  the 
letters  of  the  alphabet  and  a  few  single-word  commands  is  displayed  on  a  CRT  (see 
Figure  2).  In  ths  test  of  the  system,  the  subjects  task  was  to  communicate  a  word 
by  sequentially  attending  to  a  set  of  letters  in  the  matrix.  The  computer  flashes 
rows  and  columns  of  the  matrix  and  detects  the  flashes  that  evoke  ERPs 
characterized  by  a  P300.  Since  flashes  of  the  attended  letters  would  ba  both  rare 
and  task  relevant  they  were  expected  to  generate  larger  P300's  than  unattended 
letters . 


The  prsssnt  study  represents  a  preliminary  aaaoaamant  of  the  effioacy  o£  this 
GRP  baaad  communication  system.  The  major  goal  of  the  experiment  was  to  examine 
the  parameters  of  the  system  that  were  expected  to  have  an  impact  on  the 
communication  process.  The  parameters  investigated  Includei  the  typt  o£  detection 
algorithm(  the  number  of  trials,  und  the  rate  of  intensification  of  ulumunis  in 
the  matrix  that  are  required  to  achieve  a  specified  level  of  accuracy  and  rate  of 
communication. 

CRT  Dlaptay  Uaad  In  tha  Mantal  Proathaala 

MESSAGE 

BRAIN 

Choose  one  lattar  or  command 
A  G  M  S  Y  * 

B  H  N  T  Z  * 

C  I  O  U  *  TALK 

D  J  P  V  FLN  8PAC 

E  K  Q  W  *  BK8P 

F  L  R  X  SPL  QUIT 

Figure  2.  CRT  display  used  in  the  mental  prothesis.  The  rows  and  columns  of  the 
matrix  were  flashed  alternately.  The  letters  selected  by  the  subject  were 
displayed  at  the  top  of  the  screen. 

Method 

Subjects  Four  healthy  subjects,  3  females  and  one  male,  whose  ages  ranged 
from  20  to  36  years,  participated  in  the  study. 

Procedure  Subjects  were  presented  with  a  6-by-6  matrix  whose  cells  contained 
the  letters  of  the  alphabet  as  well  as  several  one-word  commands  for  controlling 
the  system.  The  matrices  were  displayed  on  a  computer-controlled  CRT.  In  each 
"trial,"  the  6  rows  of  the  matrix,  or  the  6  columns,  were  each  intensified  for  a 
period  of  100  msec.  The  rows  were  selected  for  intensification  in  a  random  order, 
and  then  the  columns  were  similarly  intensified. 

The  subjects  task  was  to  select  each  of  the  letters  in  the  word  "brain"  in 
turn,  and  silently  count  the  flashes  of  the  row  or  column  containing  the  letter 
until  the  system  displayed  the  letter  it  had  selected.  For  purposes  of  the 
off-line  analysis  of  the  operating  characteristics  of  the  system  the  rows  and 
columns  were  flashed  approximately  30  times  for  each  of  the  letters.  After  the 
letters  spelling  uie  word  "BRAIN"  had  been  displayed,  the  subject  selected  the 
"TALK"  command,  and  the  word  was  spoken  by  a  Votrax  speech  synthesizer.  A 
real-time  discriminant  function  was  used  to  detect  differences  between  the 
attended  and  unattended  letters. 

In  order  to  collect  sufficient  data  to  analyze  the  operating  characteristics 
of  the  system  the  subjects  spelled  the  word  10  times.  Half  of  the  blocks  were  run 
with  a  125  msec  delay  between  the  onset  of  the  intensification  of  a  given  row  or 
column  and  the  onset  of  the  intensification  of  the  next  row  or  column  to  be 
flashed  and  half  with  a  500  msec  inter-stimulus  interval  (ISI). 

ERP  Recording  The  EEG  was  recorded  from  Ag-AgCl  Beckman  Biopotential 
electrodes  placed  at  Pz  and  referred  to  linked  mastoidB.  EOG  was  recorded  from 
electrodes  placed  above  and  below  the  right  eye.  Ground  electrodes  were  positioned 
on  the  forehead.  Electrode  impedance  did  not  exceed  5  kohm,  Tho  signals  were 
amplified  by  Grass  model  12  amplifiers.  Low  and  high-pass  filters  had 
half-amplituue  frequencies  of  35  and  0.01  Hz  respectively.  The  data  were 
digitized  at  a  rate  of  50  Hz.  The  ERP  and  EOG  data  were  digitized  continuously 
from  20  msec  prior  to  the  firBt  flash  until  the  end  of  each  letter  trial  (30 
flashos  of  the  rows  and  columns).  Eye  movement  artifacts  were  removed  by  the  Eye 
Movement  Correction  Program  (Gratton  et  al,  1983). 

Data  Analysis  In  analyzing  the  data,  we  sought  to  determine  how  many  trials 
were  required  to  detect  the  letter  on  which  the  subject  was  focusing  at  different 
levels  of  accuracy,  for  each  of  4  different  detection  methods.  For  the  purpose  of 
analysis,  each  trial  was  divided  into  6  data  windows  or  subtrials,  each  consisting 
of  the  data  for  600  msec  after  onset  of  the  flash  of  a  row  or  column.  Since  the 
ISI  was  less  than  600  msec,  the  subtrlals  contained  overlapping  data.  For  each  of 
these  subtrlals  we  computed  u  score  that  measured  the  magnitude  of  the  P300  in  the 
epoch  following  the  presentation  of  the  row  or  the  column. 
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Four  different  algorithm*  Mara  utad  to  oompute  tha  scores i  (a)  stepwise  linear 
d!'?f analysis  (8WDA),  (b)  peak  picking!  (c)  area,  and  (d)  covariance.  Wo 
will  briefly  describe  each  of  those  algorithms.  For  more  details,  see  Donchin  and 
Hefflay  (1975)  and  Colas,  Gratton,  Kramer,  and  Miller  (198S). 

A.  Stepwise  discriminant  analysis.  SWDA  Is  a  classification  procedure.  In 
the  present  case,  tha  procedure  computes  a  scoro  that  reflects  the  "distance" 
between  each  epoch  and  the  mean  of  a  group  of  trials  known  to  include  a  F300  as 
well  as  the  distance  from  the  mean  of  a  group  that  does  not  include  a  P300.  This 
measurement  is  performed  by  applying  a  discriminant  function  to  the  epoch's  data. 
That  function  la  developed  on  the  basia  of  a  "training  set"  of  trials  whose  group 
membership  is  known.  We  used  as  a  training  set  the  data  collected  whilo  the 
subject  was  focusing  on  the  first  2  letters  ("B“  and  "R").  The  remaining  data 
became  the  analysis  set."  Ws  used  the  training  aet  data  to  compute  discriminant 
weights  that  distinguished  between  the  attended  and  unattended  subtrials.  These 
weights  were  applied  to  individual  subtrials  in  ths  analysis  sat  and  summed  across 
trials  in  order  to  identify  the  attended  cell  of  the  matrix. 

B.  Peak  picking.  The  amplitude  of  P300  was  defined  as  the  difference  between 
the  most  nogatlve  point  prior  to  the  P300  window  (defined  as  the  time  range  within 
which  the  average  attended  waveform  in  the  training  net  was  positive)  and  the  most 
positive  point  in  the  P300  window. 

C.  Area.  The  "area"  of  P3Q0  was  defined  as  the  sum  of  the  data  points  in  the 
P300  window. 

D.  Covariance.  A  P300  template  waa  computed  as  the  average  of  the  attended 
subtriala  in  the  training  set.  P300  scores  in  the  analysis  set  were  derived  by 
computing  the  covariance  of  each  subtrial  with  this  template. 

Row  and  column  scores  were  summed  to  compute  a  unique  score  for  each  cell  in 
each  pair  of  triala  (one  trial  in  which  rows  were  flashed  and  one  trial  in  which 
columns  were  flashed).  For  example,  the  score  for  "B,“  which  is  located  in  the 
first  column  and  the  second  row  was  the  sum  of  the  score  for  the  first  column  and 
the  score  for  the  second  row.  The  scores  computed  for  each  letter  were  summed 
across  trials  to  datarmine  which  cell  was  identified  as  the  cell  selected  by  the 
subject.  On  each  test  there  were  one  correct  response  and  35  possible  errors. 

The  test  was  considered  a  "hit"  if  the  algorithm  yielded  the  largest  total  score, 
summed  across  trials,  for  the  letter  on  which  the  subject  was  focusing. 


ERPa  for  Attoiufod  and  Unattended  Celle 


A)  1 25  maec  ISI 


B)  500  maec  ISI 


Time  (maec) 


Subject  1 


Subject  2 


Subject  3 


Subject  4 


Figure  3.  Average  waveforms  for  attended  and  unattended  letters  for  each  of  the 
subjects  and  both  ISI's. 
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Result* 

Tho  principal  queetion  wv  Addressed  in  this  study  was  the  speed  and  accuracy 
with  which  the  ERP  based  mental  prothesis  could  communicate  single  letters. 

Figure  3  shows  that  when  the  attended  and  unattended  letters  were  separately 
averaged  there  was  a  clear  difference  in  the  FIDO's  elicited  by  the  two 
conditions.  However,  if  the  technique  required  the  presentation  of  30  trials  for 
correct  detection  it  would  be  quite  limitedi  the  rate  of  information  transmission 
would  be  one  character  per  37.4  seconds,  oven  when  data  windows  are  overlapped  by 
shortening  the  ISI  to  125  msec.  The  P300,  however,  can  be  detected  with  a  smaller 
number  of  trials  (Squires  and  Donchin,  1976).  We  examined,  therefore,  the 
accuracy  of  detection  as  a  function  of  the  number  of  trinls  at  each  ISI  for  each 
of  the  4  detection  algorithms.  Detection  accuracy  was  estimated  by  means  of  a 
bootstrap  technique  (Efron,  1979). 

We  randomly  chose  1000  sets  of  2  trials,  1000  sets  of  4  trials,  and  so  on  up 
to  1000  sets  of  40  trials  from  the  data  set.  The  sampling  was  with  replacement. 

We  applied  the  4  signal-detection  algorithms,  computed  scores  for  each  of  the  36 
stimuli,  and  determined  how  many  times  out  of  1000  that  the  stimulus  the  subject 
was  attending  had  the  highest  score  with  each  algorithm.  This  provided  an 
estimate  of  the  percent  of  correct  identifications  of  the  chosen  stimulus  out  of 
the  36  presented,  as  a  function  of  the  number  of  trials  considered  in  the 
analysis.  By  multiplying  by  the  inter-trial  interval,  we  obtained  an  estimate  of 
the  accuracy  as  a  function  of  time. 

As  can  be  seen  in  Figure  4,  there  are  considerable  individual  differences  in 
the  subjects'  ability  to  use  the  system,  as  well  as  in  the  relative  effectiveness 
of  the  different  detection  algorithms.  Moreover,  different  algorithms  were  more 
effective  for  different  subjects.  All  of  the  subjects,  however,  were  able  to 
achieve  a  high  level  of  accuracy  in  communicating  their  choices  to  the  system  at  a 
speed  of  several  seconds  per  choice. 

Table  3  presents  speed  and  accuracy  figures  for  the  fastest  algorithm  for  each 
subject  at  each  Id.  When  the  eubjects1  optimal  ISI  and  Bignal-detection 
algorithm  were  uaed,  the  mean  time  required  to  achieve  804  accuracy  was  9.0 
seconds.  For  954  accuracy,  the  mean  time  required  waa  15.3  seconds.  A  choice  of 
one  out  of  36  contains  5.2  bits  of  information,  so  the  speed  at  954  accuracy  was 
0.34  bits  per  second,  or  20.4  bits  per  minute.  By  using  the  "BKSP"  (backspace) 
command  (see  Figure  2)  with  the  same  speed  and  accuracy,  a  eubject  could  correct 
errors  and  achieve  over  99.94  accuracy  with  a  speed  of  0.30  bits  per  second,  or 
18.3  bits  per  minute. 


8PEEP/ ACCURACY :  FASTEST  ALGORITHMS 


A)  00%  Accuracy 

B)  95%  Accuracy 

ISI  (m»9C)  125 

SCO 

125 

500 

Tlmt(tec)  Algo. 
Subj,  # 

1  12.2  Area 

2  11.4”  Peak 

3  9.8  Peak 

4  87  Peak 

Tima  Algorithm 

12.0"  Peak 

11.7  Pa* 

6.2"  Araa 
6.1"  Peak 

Tima  Algorithm 

19.0"SWDA/Ar»a 
19.1“  Peak 

17.8  Peak 

14.1  Peak 

Time  Algorithm 

22.0  Peak 

207  Peak 

11.5"  Area 

11.6"  Peak 

Mean  11.4 

9.9 

16.4 

17.9 

Mean  lime  to  80%  accuracy, 
faiteit  ISI  and  Algorithm 
lor  each  subject 

9.0 

Mean  time  to  95%  accuracy, 
fastest  ISI  and  Algorithm 
lor  each  eubject 

15.3 

Peak  picking  proved  to  be  the  most . ef f icient  algorithm.  When  considering  the 
4  subjects,  2  ISIa,  and  2  accuracy  criteria  peak  picking  yielded  the  fastest  times 
to  reach  the  accuracy  criterion  in  12  cases  out  of  16.  Area  was  the  fastest  in  3 
cases.  SWDA  and  area  measures  were  tied  in  one  case. 

Discussion 

This  study  addressed  two  distinct  questions.  First,  we  sought  to  determine 
if  the  P300  could  be  employed  as  a  binary  switch  by  means  of  which  tho  subject  can 
toggle  a  choice.  This  question  is  clearly  answered  in  the  affirmative.  Indeed, 
the  specific  arrangement  we  used  to  present  choices  .o  the  subject  can  amplify  tho 
choosing  power  of  the  switch  as  a  series  of  binsry  choices  allows  for  the  reliable 
identification  of  a  choice  among  36  distinct  objects.  In  principle,  this  method 
can  be  used  in  a  manner  that  would  allow  for  a  choice  among  more  itemB,  as  the 
number  of  rows  and  columns  can  be  increased.  However,  such  an  increase  would 
entail  a  cost  in  that  the  total  number  of  flashes  required  for  each  choice  would 
be  Increased.  The  optimal  size  of  the  matrix  remains  a  matter  for  further 
investigation. 

The  utility  of  the  communication  channel  based  on  the  P300  depends,  as  do  all 
communication  channels,  on  the  signal-to-noiss  ratio.  It  is  evldsnt  that  the  P300 
on  which  this  channel  is  based  is  buried  in  the  "polyneural  roar  of  the  EEG,"  to 
use  Ross  Adey's  felicitous  phrase.  The  detection  and  measurement  of  the  P300,  as 
ie  true  for  other  ERP  components,  requires  signal  averaging.  Thus,  it  was 
conceivable  that  while  the  P300  can,  in  principle,  serve  as  a  Bwitch,  its 
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Sp««d/ Accuracy  of  th*  Four  Algorithms 
A)  128  mooc  ISI  B)  500  msoc  ISI 


0  20  40  BO  80  100 


Subjoct  4 


Tlmo  (ooc) 


Figure  4.  Plots  of  the  accuracy  of  identification  of  attended  letters  for  each  of 
the  subjects,  algorithms  and  zsi's. 


!:h®  si9nal-to-noiBe  conditions  which  it  presents  would  have  been 
lmpf'®ctl0®1  for  actual  use.  Our  second  goal  in  this  study  was  to  examine 
the  operating  characteristics  of  the  communication  channel. 

the  Insert0^1™  *4  nKi?r°  qUlt?  cle4r-  Tf>»  channel  can  operate  reasonably  well  at 
he  P®r  ralnuto>  A  character,  chosen  from  among  36  items,  can 

be  detected  with  95t  accuracy  within  15  seconds.  The  ISI  proves  to  be  an 

numbar*of  t  t0  ?®  4  relatively  fixed  relationship  between  the 

StimSn  £  r®?uir®d  {o5  detection  at  a  given  level  and  tho  interval  between 

stimuli.  At  the  values  we  chose,  there  seems  to  be  a  constant  level  of  sional-to- 
hetiH  r®d“°tl°"  that  is  required.  This  can  be  achieved  by  increasing  the  interval 
P300  Altirnitef^fh25.!'0  5?°  m*«c ;  allowing  for  a  better  definition  of  the 

m  •l9n*l-to-noiee  reduction  can  be  achieved  by  an  increase 

theM'  two  vlrlationi?1"'  Th“  8pe°d  °£  th®  conununic«tlon  remains  constant  under 
This  general  conclusion  is  tempered  by  considerable  variability  across 
?o  thS  ra?bhodB  vart«d  in  their  effectiveness  when  applied 

to  lnflr.^i«h*h  J  £*C*^  •Ub^®0t®’  Th®  differences  in  effectiveness  are  due 
of  tha^ubWt’e nat“r?  of  th*  Procedures  and  the  specific  attributes 
detection^algorithms?'  “  **  U"*£ul  £°  COn,ldSr  th®  diff®""c®»  «ong  the 
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Covariance  compute*,  essentially,  how  similar  the  individual  ERPs  are  to  a 
template  consisting  of  the  average  waveform  for  the  attended  cell  in  the  training 
set.  All  time  points  are  included,  and  each  point  is  weighted  according  to  the 
mean  amplitude  of  that  point  in  the  training  set, 

SWDA  Involves  much  more  extensive  computations  on  the  training  set  data  than 
covariance,  but  it  Is  in  general  more  efficient  because  it  gives  greater  weight  to 
time  points  that  were  more  effective  in  distinguishing  between  attended  and 
unattended  cells  in  the  training  set. 

The  primary  weakness  of  both  SWDA  and  covariance  is  sensitivity  to  latency 
variability.  If  an  ERP  component,  such  as  P300,  appears  in  a  given  trial  with 
much  monger  or  shorter  latency  than  the  modal  latency  in  the  training  set,  then 
the  discriminant  weights  (or,  similarly,  the  weights  in  the  covariance  algorithm) 
will  not  be  applied  to  the  points  that  best  characterize  the  P300,  and  accuracy 
will  be  lost.  Latency  jitter  during  the  training  set,  also,  will  add  noise  to  the 
system  and  result  in  less  effective  weights. 

Peak  picking,  on  the  other  hand,  is  highly  insensitive  to  latency  variability. 
The  P300  peak  can  be  located  anywhere  in  a  relatively  wide  time  window.  However, 
all  of  the  information  contained  in  the  other  points  is  lost  by  this  procedure. 

Area,  like  covariance,  considers  all  of  the  points  in  a  broad  range,  but  it  is 
a  purely  additive,  rather  than  a  multiplicative  procedure,  and  does  not  use  a 
training  set.  Therefore  it  misses  some  information  contained  in  a  consistent, 
distinctive  ERP  shape  and  time  course,  but  also  avoids  some  of  the  noise 
introduced  into  SWDA  and  covariance  by  variability  in  the  time  course  and  shape  of 
ERPs.  It  takes  advantage  of  information  contained  in  a  broad,  flat  ERP  that  is 
lost  In  the  peak  picking  algorithm,  but  bv  the  same  token  is  influenced  by  noise 
at  points  at  a  distance  from  the  peak. 

Because  of  these  differences,  different  algorithms  are  more  effective  in 
different  cases.  For  a  subject  whose  P300s  have  a  distinct  peak  with  considerable 
latency  variability,  peak  picking  is  likely  to  be  the  most  efficient  algorithm. 

For  a  subject  wnose  ERPs  have  any  distinctive  shape  and  little  latency 
variability,  SWDA  is  likely  to  oe  the  most  efficient.  For  a  subject  whoso  P300S 
tend  to  be  broad  and  flat,  without  much  of  a  peak  and  with  considerable  latency 
variability,  area  is  likely  to  be  the  most  efficient.  These  differences 
notwithstanding,  the  general  conclusion  is  sustained  by  the  data.  It  is  quite 
possible  to  use  the  P300  as  an  effective  binary  switch,  and  the  communication 
channel  can  be  organized  so  that  the  choices  can  be  communicated  using  a 
relatively  small  number  of  trials. 

Although  the  speod  of  the  mental  prothesis  is  rather  slow  relative  to  other 
modes  of  communication  such  as  typing  or  speech,  there  are  several  techniques  that 
might  be  used  to  increase  the  rate  of  transmission.  For  instance,  the  value  of  the 
channel  may  bo  further  enhanced  if  the  procedure  is  UBed  as  a  method  for  choosing 
from  a  menu  of  commanda  rather  than  as  a  method  for  spelling  words.  The  elements 
in  the  matrix  may  well  be  worde  rather  than  letters.  Each  of  these  choices  may  in 
turn  call  for  another  menu.  In  such  a  paradigm  the  rate  of  communication  would  be 
enormously  amplified,  even  though  the  domain  of  the  communication  would  be 
constricted . 

Furthermore,  the  communication  speed  we  have  assessed  in  this  study  examined 
the  channel  without  any  attempt  to  benefit  from  a  number  of  obvious  procedures  for 
accelerating  the  communication.  As  a  computing  device  must  be  a  part  of  the 
system,  it  is  relatively  trivial  to  incorporate  in  the  channel  the  known 
constraints  of  the  language.  With  each  letter  presented  the  number  of  actual 
options  is  reduced,  as  combinations  of  characters  appear  with  quite  uneven 
probabilities  in  English.  The  system  may  be  allowed  to  "guess"  so  that,  for 
example,  having  detected  a  "TH"  pair  it  can  be  relatively  sure  the  following 
character  would  be  an  E,  an  A,  or  an  I. 

It  may  also  be  possible  to  enhance  the  speed  of  the  system  by  incorporating 
additional  components  of  the  ERP.  If,  for  example,  we  were  to  present  the  rows 
and  columns  in  a  regular  sequence,  one  would  expect  to  see  a  CNV  develop  a3  the 
time  for  the  appearance  of  the  correct  column,  or  row,  neared.  The  relative 
effectiveness  of  a  random  presentation  utilizing  the  P300  solely  and  a 
presentation  that  capitalized  on  both  a  CNV  and  the  P300  is  a  matter  for  further 
research. 


Conclusions 

The  procedures  we  describe  in  this  paper  and  the  data  we  adduce  serve  to 
illustrate  the  feasibility,  and  the  limitations,  of  the  "biocybernetic”  concept. 
The  term  "biocybernetics”  has  been  used  to  describe  an  attempt  sponsored  during 
the  1970's  by  DARPA  to  develop  a  "biocybernetic"  channel.  That  channel  was  to 
enhance  the  communication  between  people  and  machines  by  adding  channels  of 
communication  that  employed  psychophysiological  means.  Several  approaches  were 
proposed  (see  Comer,  Beidman,  and  Levine,  1979).  There  were  several  attempts  to 
use  the  ERP  as  a  switch.  Vidai  and  his  associates  have,  for  example,  used  the 
differences  between  the  responses  to  different  checkerboards  which  flashod  on 
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different  parts  of  the  screen  to  create  an  EEG-driven  joystick  that  controlled  the 
movements  of  a  displayed  “mouse"  (Hickman  and  Vidal,  1976). 

The  mental  prothesis  described  in  the  present  article  provides  further  support 
for  the  usefulness  of  SRPs  as  alternate  communications  channels.  Evidence  has 
also  been  provided  which  supports  our  arguement  that  the  amplitude  of  the  P300  can 
be  used  as  an  index  of  the  demands  imposed  upon  an  operator  of  a  complex  system.. 
Although  both  studies  reported  here  were  sucessful  within  their  restrictive 
domains,  they  provide,  at  best,  preliminary  evidence  of  the  efficacy  of  ERPs  in 
real-world  tasks.  Further  research  is  necessary  to  discover  the  limitations  of 
the  ERP  procedures  and  to  examine  how  ERPs  might  be  used  in  conjunction  with  other 
measures  to  enhance  the  communication  process. 
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DlgtCOSSIOM 

GEVINS,  US:  Regarding  the  RRP  trace*  In  your  study,  whara  subjects  ware  trying  to  covertly  generate  the 
word  "brain*',  what  ware  the  bandpaaa  filter  charactarlatlca  of  the  eye-movement  channels? 

KRAMER,  US:  The  method  that  we  uaed  to  deal  with  eye  movements  in  that  particular  study  waa  the  RMCP  pro¬ 
cedure  (Gratton.G.,  Coles,  M.G.H.,  and  Donchin.E.  Elsctrosnceph.  clln.  Nanrophytinl .  53:468-484,  1933). 
We  did  not  reject  trials  in  which  eye  movements  occurred}  but,  instead,  filtered  the  eye  movements  with 
that  particular  regreesion-baeed  procedure. 

GEVINS,  US:  The  question  has  to  do  with  the  fixation  of  the  eyes  at  the  moment  of  the  delivery  of  the 
stimulus.  This  work  reminds  me  very  much  of  the  paradigm  that  was  first  done  to  institute  the  era  of  blo- 
cybernetics  by  Jacques  Vidal  at  UCLA,  In  which  he  uaed  atepwisa  diecrlminsnt  analysis  on  single-trial  data 
to  try  to  move  a  "mouse"  on  a  screen  through  a  cursor.  It  turned  out  that  the  measurements  that  he  was 
picking  up  ware  actually  exquiaitsly  sensitive  to  very  small  shifts  —  a  fraction  of  a  degree  —  in  the 
fixation  of  gaxe*  Therefore,  although  the  mouse  was  moving  across  the  screen  seemingly  as  a  result  of  the 
generated  brain  potentials;  in  fact,  It  was  actively  responding  to  signals  that  were  related  to  these  very 
small  shifts  In  the  fixation  of  gase.  In  order  to  astablish  that  fixation  la  actually  at  the  centre  of 
the  jereen,  it  would  be  necessary  to  record  fixation  independently  with  a  measurement  of  direct  eye  posi¬ 
tion  such  as  an  infrared  detector  or  with  DC-coupled  electrodes.  (Any  AC  coupling  on  the  eye-movement 
channel;  i.e*,  tny  time  censtant  would  not  allow  fixation  of  gase  prsclaely  at  the  centre  of  the  screen.) 
In  this  way,  you  will  ba  abla  to  establish  that  the  signals  you  are  picking  up  do  reflect  covert  mental 
activity.  This  is  an  important  point,  because  DARPA  in  instituting  the  era  of  biocybernetics  in  the 
1970's,  set  out  to  use  brain  wave  measurements  es  indices  of  covert  mental  activity.  In  other  words,  they 
felt  it  waa  possible  to  tell  ths  difference  between  two  words  —  let's  say  between  the  words  "rhinoceros" 
and  "hippopotamus"  —  just  by  virtue  of  differences  in  the  brain  wave  measurements.  In  a  sense,  your  work 
returns  us  to  that  era. 

KRAMER,  US:  For  this  particular  experiment,  we  used  Grets  amplifiers  end  the  bandpass  was  from  DC  to  60 
He,  so  we  didn't  have  this  particular  problem.  1  have  done  other  work  using  an  infrared  eye  tracker  (down 
to  DC  in  terms  of  bandwidth)  for  EOG  recording  and  found  it  lacking  in  terms  of  precision  for  tracking 
microsaccades.  I've  also  dons  othsr  work  with  an  aye  tracker,  having  much  batter  resolution  than  the 
infrared  detector,  that  detects  a  difference  between  the  sclera  and  the  iria.  We  have  used  the  method  in 
some  workload  experiments  In  which  we  were  able  to  have  subjects  maintain  fixation  and  not  worry  about  eye 
movements.  (This  is  the  Stanford  Research  Institute  eye  tracker  that  measures  the  distance  between  the 
first  and  third  Purklnje  images.  The  system  is  claimed  to  have  e  precision  within  10  minutes  of  arc.) 

KAUFMAN,  US:  Almost  any  method  that  la  being  used  in  evoked  potential  research  today  is  designed  to  pick 
up  the  electrical  artifacts  of  the  moving  eye.  The  EOG,  no  matter  how  good  it  is,  has  a  precision  only  of 
about  one-half  degree.  One-half  degree  is  a  substantial  portion  of  the  fovea  centralis,  which  occupies 
most  of  the  visusl  cortex  (beesuse  of  the  cortical  magnification  factor).  Consequently,  an  eys  movement 
of  a  few  minutes  of  arc  wiU  result  in  an  extraordinary  excursion  of  activity  in  the  visual  cortex  by  cen¬ 
timetres.  Nov/,  the  brain  waves,  which  are  changing  ostensibly  because  of  some  condition  in  the  exogenous 
components,  may  really  be  changing  beesuse  of  a  change  in  location  of  the  activity  of  the  brain  as  brought 
about,  by  a  ahift  in  fixation.  That  shift  would  not  be  datected  unless  you  use  a  contact  lens  method,  or  a 
search-coil  method  on  the  sclera  of  the  eye.  Without  a  precise  location  of  the  source  of  activity  in  the 
brain,  you  won't  even  know  that  there  la  a  problem.  Dr.  Galllard  has  discussed  the  negatlvely-dif f erent 
wave  variations  in  exogenous  snd  endogenous  components  thst  are  a  function  of  the  impoaad  conditions.  As 
he  indicated,  you  can  prasent  identical  stimuli  snd  give  different  instructions  and  get  different 
results.  These  very  different  results,  in  psrt,  could  be  due  to  chsnges  that  are  secondarily  related  to 
the  task.  For  example,  let's  consider  the  esse  of  the  orientstion  reflex  ss  construed  from  the  work  of 
E.N.  Sokclov  (Perception  and  the  Conditioned  Reflex.  Pergamon  Press,  1960),  In  discussing  the  orientation 
reflex,  he  referred  to  chsnges  In  brain  blood  volume,  eye  tremors,  snd  an  extraordinary  widening  of  the 
pupillary  jparture  resulting  in  a  difference  in  the  light  level  stimulating  the  eyes.  All  of  these  events 
are  task  dependent  and  could  mediate  changes  in  the  brain  activity  that  Is  being  recorded,  snd  which  is 
quite  independent  of  the  effect  of  instruction  alone.  Therefore,  there  is  a  need  for  a  substantial  amount 
of  research  in  which  one  looks,  under  carefully  controlled  conditions,  at  the  effects  of  very  small  eye 
movements,  fixation  changes,  pupillary  diameter  changes,  and  the  stimulus  properties  that  are  often 
forgotten  in  doing  cognitive  studies,  in  order  to  see  whether  the  distribution  of  brain  activity  is 
related  to  these  secondary  factors  rather  than  to  those  thst  are  endogenous. 

FOULER,  CA:  Why  did  you  use  an  auditory  secondary  task  rather  than  a  visual  task  for  your  mental  workload 
experiment?  Uhst  would  you  predict  for  a  visual  task  with  respect  to  the  resource  model  thst  you  used? 

KRAMER,  US:  To  begin  with,  the  resource  model  was  developed  by  Christopher  Wlckens  at  the  University  of 
Illinois.  We  have  used  both  auditory  snd  visual  tasks  and  found  essentially  the  same  effect.  Dr.  Wlckens 
is  currently  revising  his  model  so  that  modality  will  no  longer  be  an  Important  distinction  within  the 
structural  energetical  space,  regardless  of  whether  the  task  employed  is  ERP-bssed  or  performancs-based. 

FOWLER,  CA:  Did  you  get  any  interference  with  reaction  time  when  you  did  this  task  in  the  visual  mode? 

KRAMER,  US:  The  oddball  task  is  fairly  simple,  in  this  particular  case,  and  it  doesn't  seem  to  Interfere 
much,  whether  it  is  auditory  or  visual. 
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This  experiment  investigated  the  effects  of  three  levels  of  arterial  oxyhemoglobin  saturation 
(Sa02  of  75X,  70%  and  65%)  on  reaction  tine  (RT)  and  P300  latency  and  amplitude.  Ten  subjects 
responded  to  visually  prssented  teals  or  female  names  in  an  oddball  paradigm  with  accuracy  controlled 
at  a  high  level.  Hypoxia  Increased  both  KT  and  P300  latency  in  a  dose-related  manner  and  these  vari- 
abloti  mere  strongly  correlated.  Hypoxia  did  not  Influence  P300  amplitude.  The  increase  in  P300 
latency  is  Interpreted  as  further  evidence  that  hypoxia  slows  stimulus  evaluation  processes  and  that, 
under  the  right  circumstances,  P300  could  be  used  to  index  the  effects  of  hypoxia  on  pmrformanca. 

1 .  imODdCTION 

Reaction  time  (RT)  is  the  tredltlonel  measure  for  aeaesjing  the  timing  of  cognitive  stages  of 
Information  processing  but  it  is  an  end  product  and  tharafore  Includes  the  time  to  evaluate  a  stimu¬ 
lus,  cnoosa  a  raaponse  and  organise  it  [1J.  It  has  rscently  bean  proposed  that  RT  could  be  supple¬ 
mented  by  P300  as  a  means  for  distinguishing  between  stages  of  procsselng  [2,3].  P300  la  a  positive 
going,  endogenous,  event  related  brain  potential  (KRP) ,  occurring  within  the  period  300  to  600  ms 
after  the  stimulus.  The  latency  of  P300  is  related  to  RT  under  circumstances  which  suggest  that  P300 
Indexes  stimulus  evaluation  tlma  rather  than  the  time  to  select  and  mxacute  a  response  (4  ,5,6,7 ,8]. 
The  amplitude  of  P300  la  also  sansitlva  to  csrtaln  aspacts  of  cognitive  processing  (9J. 

It  is  known  that  hypoxia  slows  RT  and  it  has  baan  proposed  that  brightness  discrimination  plays  a 
role  in  this  slowing  but  not  the  stimulus-response  choice  stage  (10,11).  Various  aspects  oi'  vision 
are  eenalclve  to  hypoxia  (17.)  which  Interacts  with  stimulus  brightness  (13)  and  peripherally  located 
visual  stimuli  [14,15]  to  slow  KT.  Furthermore,  it  has  been  demonstrated  that  a  critical  factor 
limiting  parformanca  on  a  complex  machine-tool  task  under  hypoxia  was  the  unreliability  of  visual 
feedback  compared  to  either  tactile  or  auditory  faedback  (16). 

This  line  of  evidence  raise*  the  possibility  that  P300  may  be  sensitive  to  hypoxia.  The  purpose 
of  the  present  experiment  was  to  measure  the  effects  of  hypoxia  on  P300  latency  and  amplitude  concur¬ 
rently  with  RT  to  determine  whether  a  dose- response  relationship  exists  between  any  of  theoe  vari¬ 
ables.  The  oddball  paradigm  was  used  and  P300  was  measured  on  a  single  trial  basis  with  accuracy 
malntalnad  at  a  high  Laval  in  ordar  to  maximise  the  relationship  between  RT  and  P300  latency  (4). 

2.  METHOD 


Tan  normal  or  corrected-vlsion  right-handed  volunteers  between  the  ages  of  21  and  28  years  were 
pain  for  their  participation  in  the  experiment.  They  wore  medically  examined  and  signed  an  Informed 
consent  document • 


Administration  of  Breathing  Mixtures 

Hypoxia  waa  inducmd  by  the  Inhalation  of  gas  mixtures  from  four  high-pressure  bottles  that  varied 
in  Oj  content  from  8  *UX  to  13.0X  02,  with  the  balance  nitrogen.  Air  from  enother  cylinder  was 
breathed  aa  a  control.  Valve#  (Mathaaon,  Model  9-580)  raduced  the  preeeure  from  the  cylinders  to  5.2 
x  105  N  .  m-2,  end  eech  mixture  wms  then  fed  into  e  common  valve  (Industrial  Projacta,  ModeL 
BR5-T8L) •  This  allowed  for  the  manual  salaction  of  any  ona  of  the  five  ml  Cures  to  a  demand  regulator 
(AR0  Model  MI>-1  >  that  raduced  the  prassure  to  amblant  lavel .  Tha  breathing  mixture  waa  then  trans¬ 
mitted  to  an  oronasal  mask  (Canadian  Forces,  Model  A13A)  via  flexible  corrugated  tubing.  This 
arrangement  allowed  any  desired  level  of  arterial  oxyhemoglobin  saturation  (Sa02>  to  be  maintained  by 
monitoring  It  and  switching  between  breathing  mixtures  aa  necessary  during  the  experiment.  SeOj  w«s 
measured  with  en  ear  oximeter  (Hewlett  Packard,  Modal  47201A)  and  continuously  recorded  on  a  strip- 
chart  recorder  (Perkln-Elmer ,  Model  023). 


Sc.laulua  Preeantatlon 


The  stimuli  war*  palra  of  five  Uttar  mala  and  Female  given  naans.  Tho  names  In  aaeh  pair  were 
presented  singly  a  total  of  ISO  times  In  randra  ordar  ao  that  tha  probability  of  occurranca  waa  SOX 
for  tha  aala  naaa  (high  probability)  and  202  for  tha  faaala  naaa  (low  probability).  Savan  dlffarant 
palra  warr  uaad,  two  for  practice  and  five  for  tha  experiment  propar.  Each  nana  waa  dlaplayad  In 
upper-caaa  lattara  on  a  coaputar  acraan  (Coaaodora,  Nodal  SP9QQ0)  for  1)00  at  with  an  lntar-atliiulua 
lntarval  of  700  aa.  Tin  vlaual  angla  tubtandad  waa  2.2*.  Intanalty  waa  fixed  at  a  value  Jodgad  to  ba 
coafortabla  and  aaaily  dlacrlnlnabla  by  pilot  aubjacta.  Tha  acraan  waa  vlawad  froa  a  comfortable 
raollnlng  chair  and  tha  taek  waa  to  Indicate  whathar  a  aala  or  faaala  naaa  waa  dlaplayad  by  puahlng 
althar  a  la  ft-  or  right-hand  button  (Mlcroawltch,  Nodal  Ptc  8S022)  mountod  on  aach  araraat.  RT  waa 
daflnod  aa  fha  Infancy  batwac  wtiaulua  onaat  and  button  dapraaalon. 

Hacordlng 

Klactcoancaphalographlc  (EEC)  activity  waa  tacordad  lnaide  a  Faraday  cage  at  Fa,  Ct  and  Pa  alac- 
troda  altaa  of  tha  10-20  international  ayatan.  The  alactro-oculograa  (E00)  waa  racordad  horlaontally 
and  vertically  by  alactrodaa  affixed  to  tha  outer  canthi  of  both  ayee  and  aupra-  and  aub-orbltally  to 
cha  doalnant  aya,  raapactlvaly.  All  alactrodaa  ware  Ag-AgGl  with  an  lnpadanca  of  S  K  0  or  leaa,  and 
ware  rafarancad  to  linked  aarlobaa.  Tha  aubjaete  ware  grounded  with  an  electrode  on  tha  forehead. 
Gould  pra-aapllflara  (Modal,  11-3407-38)  and  amplifier*  (Modal,  13-1613-58)  ware  uaad  with  a  handpaae 
of  O.OS  -  30  Ha  (-3  dS,  6  dB/octave  rolloff).  Tha  EEC  waa  dlgttlaad  every  3  aa  for  a  1300  aa  epoch 
with  a  100  aa  preetlaulua  baaaltna  and  atorad  by  a  POP  11/04  coaputar,  which  aleo  controlled  atlaulua 
praaantation  and  collected  tha  RTa.  A  pan  recorder  (Gould,  Modal  2400S)  waa  uaad  to  nonitor  both  tha 
SEG  anil  EOG.  P300  trlala  which  contained  EOG  algnele  exceeding  43  uV  In  amplitude  ware  dlacarded . 
Tha  ayatan  waa  calibrated  with  a  2  Ha  aina  wave  from  a  function  generator  (Wavatach,  Modal  30)  over 
tha  ranga  0  -  30  u  V. 

Quantification  of  P30U 

Tha  alngla-trlal  wavefarae  Jama  Pa,  Ca  and  Pa  warn  filtered  uelng  a  fourth-order  aaro-phaae 
Buttarworth  digital  filter  with  an  a»par  cut-off  frequenoy  of  4  Ha.  Tha  latency  and  eaplltude  of  F300 
were  dacarmlnad  ualng  tna  Woody  fllaiar  cemhniqae  with  a  aaarch  window  axtandlng  froa  230  aa  to  650  aa 
(17].  Thle  technique  waa  validated  by  band  acorlng  flliteoed  wa.forme  from  Ci  according  to  cha  crlte- 
rla  apaclflad  far  P3UU  by  werran  aod  Winanait  i  LB J  and  It  waa  confirmed  that  thaaa  data  wara  virtually 
Identical  to  thuee  obtained  wdeh  tha  .Wonky  procedure. 

Uealgn  and  Procedure 

A  repeated  aaaeurae  daalgu  waa  uaad  Ln  which  air  waa  mei>iii-m»*  a  control  both  bafora  and  after 
three  low-oxygen  alxturaa  adjusted  to  produce  SaO]  lavota  at  "8SL,  7gB.-amd.65X.  Thaaa  veluat  era  equi¬ 
valent  to  aliUudaa  of  approximately  11  ,300  feat,  12,500  taw:  and  111.250  fait,  raapactlvaly  (aaa 
Referenda  IP  for  detalln  un  how  thaaa  altitudea  are  calculated).  For  aaeh  aubjwct,  a  different  pair 
of  nanaa  waa  uaad  In  ovary  condition.  The  ordar  of  praaantation  of  the  five  palra  of  naaaa  waa 
r q iwf pig ) a ud  und  tha  ordar  Of  adoiniatratlon  of  Cha  three  hypoxic  alxturaa  Me  partially  counterbalanced 
by  ppaaent ) no  «(»  null  I  set  a  With  the  mixture*  In  a  fully  counterbalanced  order  and  the  remaining  four 
aubjecte  will:  Inin  'if  lilt  luaalble  eix  mixture  order*.  Tha  astlgnnant  of  high  and  low  probability 
nanaa  to  left-  or  righl  -lllllM  raaponaaa  waa  fully  counterbalanced  botwaan  aubjacta. 

Prior  to  the  experiment,  th t  fubjecta  war*  tralnad  on  tha  taak  while  breathing  both  air  and  a 
low-oxygen  mixture  corresponding  to  en  SeOj  level  of  652.  They  were  Judged  to  be  trained  tdien:  1) 
obvious  movement  artifact*  disappeared  from  th*  EEO,  2)  ay*  blink*  and  aye  movements  were  mlnlmlaed 
during  the  collection  of  EEC  data,  3)  responding  wee  stable  end  aa  feat  as  poaalbl*  while  maintaining 
an  error  rate  of  between  0.673  and  22  (an  error  constituted  pressing  tha  wrong  button)  and  4)  breath¬ 
ing  could  be  maintained  at  a  natural  and  regular  rate  under  hypoxia. 

In  thn  experiment,  tlie  subjects  were  tested  Individually  in  a  single  aaaalon  which  lasted  approx¬ 
imately  HU  min.  The  oronasal  mask  wee  donned  and  aye  movements  were  calibrated  with  reepect  to  the 
centre  of  the  stimulus  display.  Then  the  five  condition:  ware  performed  in  eucceselon  with  a  15  min 
welting  period  between  each  one  to  stabll  Iced  the  SeOy  level.  If  the  error  rate  wee  not  maintained 
between  0.671  and  22,  the  data  were  discarded  and  the  run  repeated  Immediately.  Thle  use  s  rare 
occurrence. 


3.  RESULTS 

fctsi>2  wee  calculated  for  each  subject  by  averaging  tha  reelings  from  the  pen  recorder  at  10  a 
lnturvala  (Table  1).  The  RT  error  rate  was  vary  low  snd  was  comparable  acroaa  condltione  (Table  1). 
This  low  rate  prevented  any  meaningful  assessment  of  error  RTe  which  are  therefore  not  coneldared 
further.  The  percentage  of  trials  eliminated  due  to  all  causes  was  also  comparable  serosa  conditions 
(Table  1).  The  vast  majority  of  the  rejections  ware  due  tn  eye  movements. 

An  average  BEG  waveform  was  calculated  for  each  subject.  The  superimposed  waveforms  ere  illus¬ 
trated  In  Figure  1  for  the  first  air  control  and  Che  SsOj  level  of  652.  For  both  conditions  st  Ca  and 
Pz,  the  low  probability  P300  Is  clearly  Identifiable  but  tha  high  probability  P300  la  much  smaller  or 
virtually  absent  in  most  caaaa.  At  Fa,  P300  la  attenuated  but  still  Identifiable. 
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IUU  1 

Art«rl«l  oxyh«ao|lobln  *»cur«tlon  (8*02)1  >**eCton  tla*  (RT)  *rror  rat*  and  trial* 
•llalnatad  du*  to  *y*  aovaaant*  and  othar  oauat*.  Valu**  «r*  ntana  b***d  on  130  trial** 


PARAHXmS 

1KXATH1N0  CONDITIONS 

Air  t 

Hypoxia  L*v*l* 

1  2  3 

Air  2 

8*02  (X) 

97  *  0.2* 

73  A  0.3 

70  *  0.3 

63  t  0.3 

97  *  0.1 

RT  error  rat*  (X) 

0.7 

0.9 

1.2 

1.6 

1.2 

Trial*  aUaloatad  <X) 

23 

26 

27 

26 

21 

*  StM 


AIR  CONTROL 


HYPOXIA  (Sa02-65*) 


P  300 


P300 


Time  since  8timulus(ms)  Time  since  stimutuefme.1 


Time  since  stimulusims) 


.  Averaged  even t- related  potentials  for  the  first  air  control  and  65%  arterial  fntyheaoglobln 
saturation  (SaOz)  at  a  function  of  stlaulue  probability  ind  el  so:  rode  site.  The  waveform* 
from  each  of  tha  ten  subjects  are  auperlapoeed  to  show  variance  a*:roae  individual®. 
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The  effect!  of  hypoxia  on  RT  and  on  aingla-erlal  P300  latancy  and  apllcude  art  euaueariaed  in 
Figure  2.  A  two-way  repeated  aaaaurat  analyali  of  varianca  on  tha  RT  data  in  Figure  2 A  ravaalad  that 
probability  level  (F(i,9>  •  60.19,  p  -  0.0001),  braathln*  mixture  (F(6,36)  •  13.66,  p«  0.0001)  and 
tha  probability  lovai  X  breathing  alxtura  lntaraotion  (F(A ,36)  •  3.76,  p  -  0.02)  wart  all  elgnlfl- 
oant.  'fhaaa  raaulta  lndicata  that  RT  waa  faatar  to  tha  high  probability  atlauli  and  lneraatad  aa  a 
function  of  Sa02  lavol  in  a  manner  which  waa  dapandant  un  probability  level.  In  particular,  RT 
lncraaaod  from  Air  1  to  732  8a0j  for  low  probability  atlauli  (Duncan*  a  teat,  p  •  0.03)  but  not  for 
high  probability  atlauli,  whlla  tha  ravoraa  uaa  trua  froa  702  to  632  SaOj  (high  probability,  p  •  0.01) 
low  probability,  NS).  Finally,  RT  dacraaaad  froa  Air  1  to  Air  2  tor  high  probability  atlauli  (p  • 
0.01)  but  not  for  low  probability  atlauli. 

Figure  21  ahowa  that  P300  latancy  alao  incraaaad  aa  a  function  of  SaOj  level  but  precedtd  low 
probability  RT  by  approxiaataly  20  aa.  An  analyala  of  varianca  on  thaaa  data  revealed  that  breathing 
alxtura  (F(A,36)  •  33.26,  p-  0.0001)  and  tha  electrode  alto  X  breathing  alxtura  Interaction  (F(8,72) 
•  2.22,  p  -  0.06)  ware  elgalfleent.  Thia  lntaraotion  la  accounted  for  by  tha  longer  latency  at  Fa 
than  at  either  of  tha  ocher  two  altaa  for  632  Sa02  (p*  0,01)  and  alao  by  tha  abaance  of  a  eignlflcant 
incraaaa  in  latency  at  Fa  froa  702  to  632  3a02  whan  coopered  with  the  other  two  altaa  (Ca,  p  -  0.03; 
Fa,  p  -  0.01). 

An  analyala  of  varianca  on  the  F300  amplitude  data  in  Figure  2C  ravaalad  that  electrode  alte 
(F(2,1B)  ■  16.37,  p  -  0.0001)  waa  eignlflcant  hut  no  other  effect.  Theae  raaulta  Indicate  that 
amplitude  at  Fa  waa  6  -  8  p  V  laaa  than  at  either  Ca  or  Fa  but  waa  not  Influenced  by  SaOy  level . 

Ulthln-condltlona  and  batween-condltlona  Fearaon  product-moment  curralatlona  for  RT,  P300  latency 
and  P300  amplitude  are  preaented  in  Table  2.  Tha  pattern  for  the  wlthln-condltlone  correlattona 
indicatae  that  virtually  no  ralatlonahip  axlata  between  either  RT  and  P300  amplitude  or  F300  anplltude 
and  F300  latency.  On  tha  other  hand,  RT  and  P300  latancy  are  aubatantlally  related  at  Ca  end  Pa  with 
acme  attenuation  at  Fa,  The  betwaan-condlclone  curralatlona  ahow  a  pattern  aimilar  to  that  duacrlbed 
above  for  the  withln-condltiona  correlationa .  While  RT  and  P300  amplitude,  end  P300  amplitude  and 
F300  latancy  ahow  littla  or  no  ralatlonahip,  thara  la  a  substantial  corralatlon  between  RT  end  P300 
latancy  at  Ca  and  Fa  with  aoae  attenuation  at  Fm. 


REACTION  TIME  P300  LATENCY  P 300  AMPLITUDE 


W  73  7)  86  Air  Air  76  TO  66  Air  At  76  TO  66  Air 

Control  Control  Control  Control  Control  Control 

SaC>2%  SaOzX  SaOsX 


FIGUIl  2.  A  -  Mean  reaction  tine  as  a  function  of  arterial  oxyhemoglobin  saturation  (Sa02> 
level  and  stimulus  probability  a 

■  -  Mean  P300  latancy  to  the  low  probability  stlmulua  as  a  function  of  Sa02  level 
and  elactrode  site. 

C  -  Mean  P30Q  amplitude  to  the  low  probability  stimulus  es  a  function  of  Sa02 
level  and  elactrode  alte  a 
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VMS  2 

WUhln-eondlttone  and  between-oond Iclona  correlation.  ( r)  for  ruction 
tlM  (RT),  P300  latency  and  2300  amplitude.  Valoaa  arc  mean.  baaad  -n 
the  individual  alngle-trlal  corralationa  (or  each  eubject  (N  *  10). 


UXTHXR  C0NDITI0BS 

IRAaTHINU  CONDITIONS 

Hypoxia  Level. 
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Air 

1  1 

2  3 
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SITK 
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73 

70  65 

97 
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.09  .17 

-.07 

PS 

.00 
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-.05  -.06 

.03 

RT  and 

P300  Latency 
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.52 

.33 

.6  2  .23 

.42 

Ca 

.61 

.63 

.56  .56 

.71 

Ps 

.59 
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.60  .56 

.63 

■RMUN  CONDITIONS 

Elactroda  Slta 


Fa 

Cs 

Pa 

XT  and  P300  Amplitude 

-.07 

-•07 

-.08 

P300  Amplitude  end  P300  latency 

.06 

.03 

-.01 

RT  end  P300  Utency 

.61 

.61 

.67 

4  .  DISCUSSION 

In  thla  experiment,  tha  wi  thin- cond It  Iona  corralationa  (or  RT  and  P300  latency  ware  cubatantlal 
while  thoaa  (or  RT  and  P300  amplitude  were  negligible.  Theae  reeulte  era  conalatant  with  pravloua 
finding*  where  high  accuracy  me  Kphaalaed  with  a  familiar  name  dlecrlmlnation  oddball  paradigm 
[1 .6.201  •  Under  thaee  clrcuaatanceo,  P300  latency  uaually  pracedaa  RT  by  approximately  60  -  90  me  [6] 
but  In  the  preaent  experiment  che  difference  amounted  to  only  10  -  20  me.  In  a  pravloua  experiment 
with  nltroue  oxide  conducted  In  our  laboratory  ualng  the  aama  paradigm  cad  inetructlone,  s  difference 
of  70  me  me  obtained  (21J,  The  reaeon  for  tha  amaller  difference  in  tha  preaent  lnetence  la  unclear. 

Aa  expected,  hypoxia  alowad  RT  In  a  doae-relatad  manner.  Of  particular  algnlflcance  la  chat 
hypoxia  aleo  alowad  P300  in  a  doae-relatad  manner  at  all  thrae  electrode  altea.  Furthermore,  the 
alowing  of  RT  and  P300  waa  cloaaly  related.  Thla  la  damonetrated  by  their  aubetantlal  betwean- 
r.ondltlone  alngle-trlal  correlation* .  On  tha  other  hand,  there  la  no  clear  evidence  from  thla  experi¬ 
ment  that  hypoxia  influenced  che  amplitude  of  F300. 

An  obvloue  explanation  for  tha  link  between  F300  latency  and  RT  found  In  thla  experiment  la  that 
hypoxia  alowa  aama  aapect  of  the  atlmulu*  evaluation  proceaa.  Hypoxia  affect*  a  variety  of  vlaual 
procaaaea  112 J  and  it  haa  bean  argued  that  a  dleruptlon  of  brightnaa*  diacrimlnation  contribute*  to 
the  alowing  of  RT  [11,13].  Since  P300  latency  1*  thought  to  index  atlmulu*  evaluation  procaaaea 
(6,3,6,7,111,  it  follow*  that  P300  ahould  be  aeneltive  to  hypoxia.  At  preaent,  thla  hypotheal*  1* 
speculative  but  1C  1*  open  to  Investigation  using  the  additive  factor*  model  which  has  applicability 
to  atudlae  Involving  both  RT  and  P300  latency  [3].  The  foregoing  issue  1*  not  only  of  theoretical 
concern  but  1*  reinvent  co  the  practical  question  of  whether  or  not  F300  latency  could  ba  used  a*  an 
Index  of  hypoxic  performance  deficit*  on  ctaplex  task*  associated  with  flying. 
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GEVIN8,  US x  Old  you  look  at  tha  effect*  of  hypoxia  on  the  frequency  of  the  alpha  activity  and  the  amount 
of  energy  In  tha  thata  and  dalta  band#?  1  would  think  that  thaaa  maaauraa  would  ba  axtramaly  aanaltlva  to 
changes  In  tha  blood  lavala  of  Oj  and  CO2J  parhapti  more  00  than  tha  avokad  potantlaX  components. 

FOWLER,  CA:  Wa  didn't  do  that  becauaa  thaaa  maaauraa  cannot  ba  ralatad  to  reaction  time,  and  our  prln- 
clpla  intaraat  waa  to  find  a  correlation  with  reaction  time. 

JOHN,  US j  I'd  Ilka  to  return  to  tha  point  ralaed  by  Dr.  Gavlna.  It  require*  the  uae  of  the  EEG  apactrum, 
aaaplad  over  a  brief  time  period  to  compute  tha  mean  and  standard  deviation  of  tha  extracted  spectral 
feature*,  which  la  than  Z- transformed  and  compared  agalnat  eubaaquant  EEG  apectral  epochs.  Now,  you  find 
in  cardiopulmonary  bypaaa  patient*,  in  whom  the  mean  arterial  pressure  la  maintained  constant,  and  where 
tha  temperature  ia  27 *C  —  approximately  one  unit  of  Qiq  below  the  normal  body  temperature  — ■  that  aa 
little  as  a  10Z  decrease  In  blood  flow  (which  would  ba  equivalent  to  a  103  decrement  in  the  available 
oxygen)  cauaea  a  clear  increaaa  in  the  content  of  theta  aa  a  percentage  of  total  activity.  Clvan  that  the 
decrease  In  temperature  has  dropped  reaction  time  or  demand  by  5QX,  this  suggests  that  a  decrease  or 
change  in  blood  flow  ae  little  aa  3  to  63,  or  a  change  in  hypoxia  would  be  reflected  in  the  EEG  spectrum. 
It  aeama  to  me  that,  if  your  goal  ia  to  look  at  reaction  time  aa  a  function  of  change  in  state,  that  there 
ere  aoma  very  elegant  and  preciae  relationships  between  blood  flow,  oxygen,  and  tha  EEG  spectrum  that  are 
not  being  explored.  I  wonder  why  such  relatively  exotic  end  non-contlnuous  indices  as  tha  lstsncy  of  P300 
are  given  priority  as  egalnet  basic  Indicators  of  atacm. 

FOWLER,  CAt  I  think  that  you  may  be  saying  that  1  hava  some  interfering  variables  in  this  experiment. 
I'm  intereated  in  P300  because  It  ia  supposed  to  measure  cognitive  aspects  of  performance.  It  ia  quite 
possible  that  there  ere  other  variables  that  are  alao  important.  However,  I  cannot  see  that  any  EEC 
measures,  at  present,  can  be  related  to  performance  in  any  meaningful  way.  Therefore,  1  used  P300,  be¬ 
cause  it  teamed  that  .i«re  wee  a  very  clear-cut  relationship  there.  You  may  be  right,  but  the  problem  ia 
how  can  1  use  your  per  Ulcular  reassures  and  relate  them  to  performance? 

JOHN,  US:  In  ay  paper,  1  discussed  the  "Mahalanobie  distance"  across  the  percentage  of  theta  for  the 
whole  brain  ae  a  function  of  Global  Deterioration  Scale  in  our  aging  subjects.  It  ie  quite  clear  that  aa 
memory  function  deteriorates  tha  excess  of  theta  activity  in  the  brain  increases.  It  ia  also  quite  clear 
that  the  first  aign  of  diminished  blood  volume  at  constant  pressure  is  a  change  from  alpha  to  thata,  and  a 
drop  in  the  dominant  frequency.  It  seems  to  me  that  in  regard  to  your  question  on  how  to  relate  EEG  to 
reaction  time,  that  you  do  ths  following  protocol.  Take  reaction  time  ct  full  blood  flow  —  stipulate  the 
mean  arterial  pressure  and  oxygen  conLent  of  blood  available  to  the  brain  as  1003  —  and  scale  changes  in 
reaction  time  aa  you  scale  changes  in  theta.  It  seeme  to  me  that  that  is  where  you  should  start  to  cor¬ 
relate  brain  state  to  reaction  time. 

OFFENLOCH,  GEt  We  see  EEC  changse  due  to  a  fall  in  oxygen  partial  pressure  or  to  cerebral  circulation, 
and  yet  you  found  no  correlation  with  amplitude.  1  find  it  strange  that  ths  amplitude  of  P300  is  unaf¬ 
fected  by  such  an  enormous  change  In  oxygen  partial  pressure. 

FOWLER,  CA:  This  is  the  first  experiment  that  we  have  done  on  hypoxia  with  P300,  so  I  cannot  explain  why 
tha  amplitude  didn't  change.  Gur  subjects  were  hypoxic  for  about  50  minutes-  It  took  about  20  minutes  to 
stabilise  them  and  about  30  minutes  to  take  our  measurements. 

KRAMER,  US:  Do  you  have  any  speculation*  about  the  decrease  in  correlation  between  P300  latency  and 
reaction  time  aa  a  function  of  tha  changes  in  oxygen  content?  It  seems  that  there  would  be  correlation 
dacreaaes  aa  oxygen  available  to  the  individual  decreases. 

FOWLER,  CA:  It's  a  very  small  effect  and  I  am  Inclined  to  think  that  it  ia  related  to  subject  varia¬ 
bility.  It  ia  very  difficult  for  the  subjects  to  pay  attention  to  the  centre  of  tha  screen  end  Ignore  all 
subjective  sensations  of  hypoxia.  They  have  a  headache,  they  are  not  feeling  well,  and  It  takes  s  long 
time  to  train  these  subjects  to  perform  well.  If  you  try  this  experiment  with  an  untrained  subject,  you 
will  get  very  poor  correlation.  I'm  inclined  to  think  that  if  I  continued  training  tha  subjects  beyond 
their  current  level,  that  tha  correlations  would  not  decrease. 

PORCU ,  IT:  Do  you  think  that  P300  latency  could  be  used  as  an  electrophysiologlcal  measure  for  evaluating 
early  variations  in  the  mental  status  associated  with  aging?  That  is,  is  the  anoxic  hypoxic  brain  a  good 
model  for  studying  Che  aging  brain  with  your  technique? 

FOWLER,  CA:  If  you  are  talking  about  the  fact  that  in  tha  aging  brain  you  get  memory  deficits  in  terms  of 
performance,  you  also  get  this  with  hypoxia.  I've  also  studied  nitrous  oxide,  an  anesthetic  gas,  and  1 
get  the  asms  sort  of  latency  shifts  in  P300  as  1  do  with  hypoxia.  You  also  gat  it  with  alcohol.  So  it 
may  be  the  case  that  stressors  that  affect  memory  allow  you  to  generalize  to  aging  performance  effects 
whsre  you  get  the  same  sort  of  thing. 
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SUMUEY 

Tha  BHP  technique  nay  pray  Ida  an  lnobtruaiva  aaaaupa  of  tha  processing  of  psyohologloal  Information 
during  task  parformanoa,  Soaa  lnvaatlgatora  ragard  BRPa  oven  aa  a  dlraot  manlfaatatlon  of  tha  ongoing 
peyohologloal  prooaaaaa.  Before  auoh  a  strong  olalm  oan  be  made  aeveral  methodologloel  problems  have 
still  to  be  solved.  The  present  paper  dlsouasaa  tha  definition  and  identification  of  the  various  compo¬ 
nents  in  the  SRr.  the  separation  of  exogenous  and  endogenous  components,  and  the  different  ways  In  whioh 
Inferences  can  be  aade  about  psyohologloal  processes  on  the  basis  of  ERP  measures.  Another  methodological 
problem  whioh  hampers  the  establishment  of  the  psyohologloal  slgnlfloanoe  of  ERP  oomponents.  Is  the  low 
comparability  of  IRP  measures  across  paradlges. 


1.  INTRODUCTION 

Event-related  brain  potentials  (ERPa)  have  been  used  to  evaluate  the  psyohologloal  prooesses  going 
on  during  the  parformanoa  of  a  teak.  The  ERPa  are  obtained  by  averaging  the  EEC  time  looked  to  the  events 
of  the  task  (e.g. .  stimuli  or  responses).  In  the  early  seventies  researohers  oonoentrated  upon  the 
effects  of  psyohologloal  factors  on  the  amplitude  and  latenoy  of  the  peaks  of  the  'evoked  potential'. 
Lator  it  became  evident  that  psyohologloal  prooesses  could  also  produoe  waves  whioh  were  not  striotly 
related  to  the  peaks  of  the  'evoked  potential'.  It  is  important  to  make  a  olear  distinction  between 
waves,  peaks,  shifts  in  the  ERP  on  the  one  hand  and  ERP  oomponents  on  the  other  hand.  A  'oomponent*  Is 
assumed  to  originate  from  one  naurophysiologloel  generator,  whereas  'waves'  are  dependant  measures  used 
to  deaoribe  the  peaks  and  through*  In  the  ERF  waveform.  A  particular  ERP  wave  or  peak  may  oonslst  of 
several  oomponents.  In  this  oontext  it  is  also  important  to  make  a  distinction  between  endogenous  and 
exogenous  oomponents  (Donohln.  Ritter  A  HoCallum.  1978)  Halliard  A  Ritter.  1983).  Exogenous  oomponents 
are  evoked  by  events  outside  the  oentral  nervous  system  and  their  varlanoe  is  primarily  determined  by  the 
physloal  oharaoterlstios  of  tha  stimulus.  Endogenous  oomponents  nre  not  dlreotly  effected  by  the  physloal 
parameters  of  the  stimulus  and  the  varianoa  of  their  amplitudes  and  latencies  Is  primarily  determined  by 
the  psyohologloal  prooesses  Invoked  by  stimulus  events  and  tha  instructions  asnlgned  to  them.  Depending 
on  the  task  requirements,  endogenous  oomponents  may  vary  over  a  considerable  time  range. 

The  ERP  taohnlqua  oan  only  be  used  for  the  asaesaaent  of  cognitive  functioning,  workload,  eto. .  when 
the  psyohologiaal  slgnlfloanoe  of  tha  ERP  oomponents  Is  known.  In  this  paper  some  methodological  consid¬ 
erations  are  presented  around  the  issue  of  the  determination  of  the  psyohologloal  slgnlfloanoe  of  endog¬ 
enous  oomponents.  It  is  dlaousaed  how  ERP  oomponents  may  be  Identified  and  how  endogenous  oomponents  oan 
be  separated  from  exogenous  ooaponents.  Discussions  on  the  psyohologloal  slgnlfloanoe  of  ERP  oomponents 
have  been  obfusoated  by  alsunderstandlnga  between  investigators  on  the  level  at  whioh  ERP  are  assumed  to 
be  measured)  an  ERP  parameter  oan  be  regarded  as  a  dlreot  manifestation  of  the  ongoing  psyohologloal 
prooesses  or  as  an  'arousal'  response,  whioh  only  indireotly  reflects  the  information  processing  In  the 
task. 

It  Is  argued  that  It  Is  difficult  to  oompar*  ERP  results  obtained  In  different  paradigms.  These 
comparisons  are  important,  however,  because  ERP  oomponents  may  be  very  prominent  In  one  task  and  nearly 
absent  in  another  ons.  To  determine  the  psyohologloal  slgnlfloanoe  of  a  oomponent.  It  is  essential  to 
know  whioh  oharaoterlstios  of  the  task  are  deolslv*  In  producing  the  oomponent.  Therefore,  a  taxonomy  of 
taaks  Is  proposed  to  delineate  the  essential  differenoes  between  the  peradlpis  most  often  used  In  ERP 
researoh. 


2.  THE  DEFINITION  OF  SNDCXJBNOOS  COMPONENTS 

The  large  and  still  increasing  number  of  endogenous  ooaponents  has  raised  the  question  of  how  to 
define  a  oomponent  and  whioh  orlterla  should  b*  used  to  decide  whether  two  ERP  waves  represent  the  same 
oomponent.  Sutton  A  Ruohkln  (198N)  list  the  following  orlterla  to  define  a  oomponent:  (1)  latenoy,  (2) 
polarity,  (3)  sequence.  (A)  soalp  distribution,  (5)  relation  to  physloal  parameters  of  the  stimuli.  (6) 
relation  to  behavior,  and  (7)  relation  to  population  and  atata  of  the  organism  variables.  In  oontrast  to 
exogenous  oomponents.  endogenous  components  may  vary  over  a  considerable  time  range  depending  on  the 
requirements  of  the  teak.  For  example,  the  prooesslng  negativity,  originally  regarded  as  an  eifcanoed  N1 
oomponent  (latenoy  100  as).  Is  now  reported  to  have  peak  latencies  up  to  200-300  as  (NUtlnen.  1982). 
Also  the  olasalcal  late  positive  wave  was  oalled  P300  because  it  wee  thought  that  Its  latency  would  very 
around  300  aa.  Not  aeveral  studies  have  reported  similar  wave*  with  latencies  up  to  on*  second  (e.g., 
Mulder.  1986).  When  one  acoepts  that  endogenous  oomponents  asy  vary  over  a  considerable  time  range,  they 
oan  no  longer  be  defined  as  ocourring  striotly  in  a  oartsln  time  period  and  latenoy  oan  no  longer  be  used 
as  a  criterion. 

Polarity  appear*  to  be  the  moat  straightforward  orlterion.  It  allows,  however,  for  only  two  cate¬ 
gories.  Sequence  is  mostly  used  laplloltly;  for  example,  It  le  generally  aaaieeed  that  N2  will  ooour 
before  P3.  It  has  been  deaonatrated  (NUtlneu  A  Halliard,  1983).  however,  that  N2  and  P3  are  determined 
by  different  peyohologloal  prooesses;  therefor*  N2  may  be  delayed,  whereas  the  P3  oomponent  remains 
unaffeoted.  The  debate  aa  to  whether  or  not  the  >W00  (Klllyard  A  (tutus.  lOBei  and  the  N2  ars  the 
oomponent  is  a  good  example  of  the  problems  which  may  arise  when  oomponents  are  defined  In  terms  of 
latenoy  and  eequeno*.  The  criteria  based  on  their  relation  to  physloal  parameters,  to  population  varl- 


•hie*  or  to  th*  (tot*  of  th*  organism  *ith*r  have  *  direct  «ff*ot  or  exogenoua  components  or  *ff«ot  th* 
w»y  la  which  th*  stimuli  *r#  prootiHd.  In  th*  latter  oese,  they  wUl  re*ult  In  *  ohange  In  behavior.  The 
orlterl*  of  Sutton  4  Ruohkln  (1984)  can  be  rearranged  Into  three  oategorlea:  A.  A  definition  In  terms  of 
dependent  varlablesi  auoh  ae  latenoyi  polarity,  aequeno*  and  aoalp  dlatrlbutiont  B.  A  definition  in  terms 
of  payohologioal  (or  behavioral)  varlableat  C.  A  definition  In  teraa  of  the  atat*  of  th*  organise  or  th* 
phyaloal  oharaoterlatioa  of  th*  atlaulua.  for  endogenous  oooponenta  a  definition  in  in  terna  of  dependent 
variablaa  la  rather  dlffioult,  (Ivan  th*  large  variability  in  latency  and  ncrphology.  Slno*  endogsnoua 
oo«pon*nta  are,  by  definition,  not  *ff*ot*d  by  th*  atlaulua  or  atat*  variable*,  endogenoua  ooaponanta 
ahould  be  d*fin*d  In  teraa  of  th*  peyohologloal  prooeaaea  whloh  determine  their  ooourrence.  In  oontrast, 
exogenous  variablaa  ar*  defined  In  teraa  of  th*  phyaloal  oharaoterlatioa  of  th*  atlaulua  and  atat*  or 
peraonality  variablaa  whloh  aodulat*  the  reaponae  to  the  atlaulua. 

In  addition,  ERP  ooaponenta  oan  alao  be  defined  In  terna  of  their  neurophyaiologioal  generators. 
Ideally  experimental  result*  should  oonvarg*.  That  la,  endogenous  ooaponenta  whloh  have  been  asaoolated 
with  a  particular  psychological  process  ahould  alao  hava  a  similar  aoalp  diatrlbution.  To  establish  the 
psychological  signlfioano*  of  an  endogenoua  oonponent  two  approaches  oan  be  followed,  whloh  nay  be 
developed  oonjunotlvelys  th*  neurophyaiologioal  approaoh  attanpta  to  discover  th*  neurophyaiologioal 
mechanism  generating  th*  oonponent  and  th*  inforaation  processing  concentrates  on  tha  peyohologloal 
prooeaaea  producing  th*  oomponant. 


3.  THE  NEUROPHYSIOLOGICAL  APPROACH 

In  this  approaoh,  th*  norphology  of  tha  wave  and  its  distribution  on  th*  aoalp  are  th*  orltloal 
faotora  In  deoiding  whether  or  not  two  ERP  waves  represent  the  awe  oonponent.  If  two  waves  have  the  sane 
aoalp  distribution,  they  ar*  assumed  to  be  generated  by  tha  same  neurophyaiologioal  naohanian.  This  way 
of  reasoning  la  based  on  th*  aaaunption  that,  what  w*  oall  a  "component",  la  In  faot  generated  by  one 
underlying  neurophysiological  structure  only.  Olvan  tha  ooaplexlty  of  the  brain,  this  aaaunption  appears 
to  be  debatable.  Even  within  the  sane  study  and  within  th*  sane  paradigm  th*  scalp  distribution  of  th* 
'sane'  oonponent  {•.(.,  N2)  nay  vary  considerably  free  on*  aonditlon  to  another.  If  one  would  rigorously 
apply  the  criterion  that  a  different  distribution  always  Implies  a  different  oonponent,  on*  would  end  up 
having  as  many  ooaponenta  aa  there  are  experimental  conditions.  It  seen  a  nor*  plausible,  therefore,  to 
assume  that  a  particular  component  la  generated  by  a  stable  olustar  of  neurophyaiologioal  meohanlma.  Th* 
duster  always  oonaiata  of  the  same  mechanisms.  but  thslr  relative  contributions  to  th*  oonponent  may 
change  aoross  oonditlona.  This  may  result  in  small  shifts  In  the  aoalp  distribution,  A  similar  view  la 
taken  by  Vaughan  et  al.  (  1983)  who  argua  that  the  locus  of  th*  neurophyaiologioal  mechanism  aaaoolatad 
with  a  particular  type  of  psychological  processing  la  likely  to  ohange,  as  a  funotlon  of  the  nature  and 
modality  of  th*  task.  Although  this  will  result  in  small  changes  In  aoalp  distribution,  there  la  no  need 
to  regard  th*  different  waves  aa  representing  different  oonponent*.  By  the  introduotlon  of  th*  conoeptlon 
of  a  'genario'  oonponent,  Vaughan  at  al.  retain  the  definition  of  a  specific  oonponent,  In  that  Its 
generator  source  produoes  a  stable  topographic  distribution.  In  both  views  ERP  waves  showing  minor 
differences  In  topography  and  morphology  oan  still  be  regarded  as  belonging  to  the  same  family  of  waves 
representing  a  particular  component.  Oiven  the  large  number  of  components  relative  to  the  small  number  of 
studies  and  investigators,  it  la  advisable  to  adopt  stricter  criteria  for  the  establishment  of  "new" 
''Cmponentst  at  the  moment  there  la  tha  tendency  among  Investigators  to  oall  each  wav*  or  deflaotlon  a  new 
component,  even  If  only  minimal  differences  In  diatrlbution  ar*  observed.  Research  ahould  oonoentrate  on 
the  reliability  and  validity  of  the  existing  ooaponanta.  Only  in  this  way  the  psyohologloal  significance 
of  ERP  components  oan  be  established. 


A.  THE  INFORMATION- PROCESSINO  APPROACH 

It  la  alao  possible  to  define  an  endogenous  component  In  terms  or  the  psyohologloal  factors  whloh 
determine  Its  ooaurrenoe.  In  this  approach,  the  amplitude  and  latenoy  ar*  Investigated  as  a  funotlon  or 
task  variables,  whloh  ar*  known  to  be  related  to  a  certain  psyohologloal  process  (for  example,  on  tha 
basis  of  reaotlon  time  (RT)  studies).  Th*  psyohologloal  prooess  reflected  In  the  oomponent  can  then  be 
inferred  from  th*  pattern  of  th*  effeots  of  th*  task  variables.  This  approaoh  is  similar  to  th*  additlv*- 
faotor  method  used  to  Identify  stages  of  processing  (Sternberg.  1989), 

As  In  RT  research,  w*  are  not  so  auoh  Interested  In  the  ERP  as  an  absolute  measure  but  In  th* 
relative  ahangas  in  latenoy  and  amplitude  as  a  funotlon  of  task  variables.  These  ohanges  may  be  associ¬ 
ated  with  the  processes  assisted  to  be  involved  In  th*  manipulation  of  these  variables.  As  with  the 
measurement  of  RT,  there  ar*  factors,  suob  as  conduotlon  time,  whloh  ar*  asaiased  to  be  oonstant  for  all 
conditions  and  do  not  play  a  role  when  conditions  ar*  oonparsd.  In  ERP  researoh  It  has  always  been  a 
major  concern  to  asosrtaln  that  th*  exogenous  ooaponanta  do  not  ohange  between  experimental  conditions. 
This  oan  b*  established  by  keeping  th*  phyaloal  characteristics  of  th*  task  oonstant.  Even  then,  compari¬ 
sons  between  oonditlona  may  be  dlffioult  because  th*  suntatlon  of  exogenoua  and  endogenous  oemponents 
results  In  oomplex  waveforms,  On*  way  to  solve  this  problem  is  to  subtraot  ERP  waveforms  from  each  other, 
sample  by  sample. 


5.  DIFFERENCE  WAVEFORMS 

To  facilitate  th*  demonstration  of  experimental  effeots  on  the  endogenoua  components,  ERP  waveforms 
obtained  in  different  experimental  oonditlona  ar*  subtracted  from  *aoh  other.  Under  th*  assumption  that 
th*  exogenous  oomponsnts  ar*  tha  same  in  tha  two  oonditlona,  th*  difference  waveform  will  oonsist  of  th* 
ondogtnoua  ooaponanta  only.  Subtractions  can  be  done,  In  at  least  thra*  ways:  (1)  Within  blooks:  Th*  SRPs 
subtracted  ar*  obtalnad  In  oonditlona  within  the  same  block  of  trials  (e.g, ,  frequent  va.  Infrequont, 
attended  vs.  unattended  stimuli),  (2)  Between  blocks:  Th*  ERPs  subtracted  ar*  obtalnad  in  different 
block*  of  trials,  (3)  Control:  It  la  alao  possible  to  make  subtractions  with  ERPs  obtained  In  separata 
oontrol  oonditlona:  Such  a  condition  sight  b*  on*  in  which  subjeote  ar*  presented  with  tha  same  stimuli, 
but  ar*  given  another  task  to  ensure  that  thqr  do  not  pay  attention  to  the  stimuli.  Comparisons  with 
oontrol  oonditlona  have  been  oritlolsert  on  th*  grounds  that  th*  psyohologloal  and  physiological  state  of 
th*  aubjeot  may  differ  considerably  between  experimental  and  oontrol  oonditlona.  Of  oours*  this  orltlolim 


dots  not  apply  to  wlthii^blook  subtractions  and  la  lass  likely  to  bt  substantial  tor  bebween-blook 
subtractions  taoausa  of  tha  dost  similarity  of  tha  oondltlons  soaparad.  Tha  general  stats  of  tha  subject 
in  oontrol  oondltlons  Bay  ba  assessed  by  raaording  of  other  physiological  variables!  such  as  background 
EEa  or  haart  rata.  Tha  general  state  In  tha  oontrol  oondltlon  oan  also  ba  oontrollad  by  giving  tha 
subjaot  a  task,  vhioh  Is  as  daaandlng  as  tha  experimental  task.  For  example,  *  task  similar  to  the 
experimental  task  oould  ba  givant  but  In  a  different  modality.  Ntltlnen  (1985)  reported  that  when  ERPs 
are  recorded  to  auditory  stimuli  whioh  are  to  be  Ignored,  it  makes  little  difference  whether  they  are 
obtained  while  subjects  are  reading  or  performing  a  video  gams. 

Control  conditions  have  several  advantages  (1)  Tha  use  of  tha  ssuia  type  of  oontrol  oondltlon  (e.g. , 
reading)  In  different  studies  facilitates  the  comparison  of  dtfferenoa  waveforms  aoross  studies  (l.e. . 
across  puradl^s.  laboratories,  and  Investigators).  (2)  Die  ERPs  raoorded  In  oontrol  oondltlons  appear  to 
ba  tha  bast  estimate  of  tha  exogenous  components  prevailing  In  a  particular  stimulus  configuration.  This 
assumes  that  (a)  endogenous  components  are  hardly  present  In  the  oontrol  ERPs  and  (b)  exogenous  compo¬ 
nents  do  not  change  between  oontrol  and  experimental  oondltlons.  A  disadvantage  of  both  within-  and 
betwaan-blook  subtractions  la  that  the  extant  to  whioh  endogenous  components  are  still  present  in  tha 
reference  oondltlon  is  not  known.  A  rafaranoe  oondltlon  is  devised  In  such  a  way  that  the  demands  on  the 
psychological  prooess  Investigated  ara  absent  or  minimal.  However.  It  Is  herd  to  dot",  l.is  to  what  extent 
the  endogenous  component  Is  still  present  in  the  reference  oondltlon.  Tl.'a  lapUe:  that  -o  tlw  difference 
waveforms  not  only  the  exogenous,  but  also  a  part  of  the  endogenous  o.mp~  nts  mrv  b  I'rnevso.  Even  if 
the  endogenous  oomponent  in  the  rsferanoe  oondltlon  is  smell,  the  aaplltuc  *  .n  the  dll  eren.v  v.iveforma 
la  reduced,  whioh  may  seriously  distort  the  interpretation  of  the  results.  .*or  axemn'e  in  s  '!..C  Ik  tic- 
listening  task  at  least  some  processing  negativity  may  be  present  It.  the  to  th*  ■>*  ”■  M  ..relented  at 
the  unattended  ear  (NHtRnsn.  1982).  This  Is  Important  beoause  'ne  ERi  tee).  ...  pro.  Idci  tut  unique 
possibility  to  examine  to  what  extant  subjeots  are  prooesslng  stim'.'.  whioh  are  s-ppejed  to  be  ignored. 
Whan  tha  amplitude  In  the  differenoe  waveform  Is  reduoed  It  is  ,ot  k  .own  i  bather  cl.is  is  ca  >al  by  a 
reduction  of  the  oomponent  to  attended  stimuli  or  by  an  lnoreat.  In  he  nu'.*'  :  to  the  u.  it  tended 
stimuli.  It  seems  therefore  worthwhile  to  make  subtraotlons.  within  the  vat  or'  j ,  both  between  neper 
mental  conditions,  end  between  experimental  and  oontrol  oondltlons. 


6.  FROM  ERP  MEASURES  TO  PSYCHOLOGICAL  PROCESSES 

The  ERP  teohnique  may  provide  an  lnobtruslve  measure  of  the  n 'ophyslologlut  1  sari,  atoms  lr  -v  •  .id 
In  Information  prooeeaing  during  teak  performanoe.  Some  i r.ves tig.  * ..  )  oven  regar'  ERR  o-jipir^r,  so 
direct  refleotlon  of  the  ongoing  peyohologloal  prooesses.  Most  ’Otolog.  :el  va' tr  ies  h've  ;.u,y  on 
lndlreot  relationship  to  peyohologloal  prooesses.  Heart  rets,  for  exaapl  •  m<.y  reflect  the  fx.  weaning  o' 
task  Information,  baoause  the  task  demands  influenoe  the  oentrsl  nei vou.  system,  -hi  in  ia  ■  -t  s.'fwoha 
the  oardlovesoular  system.  Thus,  heart  rate  parameters  (a.g. .  frequenoy.  variability  o  Hood  .ireosurs' 
ere  direct  measures  (uenlfestations)  of  the  oardlovesoular  system,  but  ray  lino  be  rogrerer  •  _■  inalrect 
measures  of  the  oentrsl  nervous  system.  For  most  psyohophysiologlowl  valuables  Intervening  concepts,  suoh 
as  arousal,  eotlvetion  or  effort,  ere  used  to  relate  phyalologloal  measures  to  peyohologloal  prooesses. 
The  argumentation  mostly  runs  as  follows:  the  information  prooesslng  required  In  the  task  Is  so  demanding 
that  more  effort  has  to  be  invaetad  In  the  teak  end  therefore  heart  rate  lnoreaees.  Thus,  most  theoret¬ 
ical  frameworks  in  psychophysiology  Involve  both  snsrgetioel  mechanisms  (e.g. ,  effort)  Inferred  from 
phyalologloal  data  (haart  rate  parameters)  and  oognltlve  prooesses  postulated  on  behavioral  date  (e.g.. 
RT). 

As  Is  outlined  In  Table  I  the  unique  position  of  tha  ERP  teohnique  Is  that  ERP  measures  ere  related 
to  both  cognitive  prooesses  end  to  energetloel  meohenlsme.  When  ERP  parameters  ere  regarded  as  providing 
results  on  tha  seme  level  as  behavioral  date.  ERP  components  oan  be  Investigated  by  using  paradigms, 
methods  and  theoretioel  oonstruots  borrowed  from  oognltlve  psychology.  Fruitful  examples  from  this 
lnformetlon-prooesalng  approach  (sea  abova)  ara  the  studies  on  stage  analysis,  selective  attention  end 
memory  load.  ERP  parameters  may  even  be  used  to  evaluate  existing  oognltlve  models  or  to  oonetruot  new 
models  together  with  behavioral  date.  It  has  also  been  debated  whether  ERP  parameters  should  be  regarded 
as  a  manlfaatatlon  or  aa  a  marker  of  a  psyohologloal  prooess.  In  ths  first  asse  nn  ERP  oomponent  Is 
regarded  as  e  direct  reflection  of  the  ongoing  psyohologloal  proosss,  wharaas  In  tha  latter  oaaa  It  Is  a 
refleotlon  of  oollateral  prooesses,  whioh  run  perellal  to  the  Information  prooeeaing  Itself.  For  example, 
the  subjeot  may  keep  track  of  the  sequential  and  probability  atruoture  of  the  stimulus  series:  and  P3  may 
be  regarded  as  a  reflection  of  this  'oontext'  updating.  When  ERP  measures  are  rsgorded  as  rsfleotlng 
energetloel  machanlaia,  they  bear  only  an  lndlreot  relationship  to  psyohologloal  prooesses.  The 
energetloel  aeohanlsms  Indexed  by  the  ERP  aaasuraa  should  ba  related  to  oognltlve  models  based  on  be¬ 
havioral  data, 

IRP  components  may  also  be  regarded  as  rsfleotlng  the  state  or  functioning  of  oortloel  structures, 
suoh  as  the  hlppooempua.  In  this  neurophysiological  approach  (sta  abova)  tha  topographical  data  obtained 
with  soalp  aleotrodas  la  compared  with  'depth1  eleotrodea  end  date  obtained  with  animal  models.  Die- 
oueelone  on  the  peyohologloal  slgnifloanoa  of  ERF  components  have  been  obeoured  beoause  it  was  not  made 
oleer  at  what  level  ERPs  ara  assumed  to  be  measured  on.  Evan  within  one  study  the  same  ERP  components  tre 
sometimes  regarded  as  reflecting  both  psyohologloal  prooesses  and  energetloel  meohenlsme. 


Table  I.  ERP  parameters  a  ay  be  redded  as  (1)  Behavioral  date,  suoh  ee  RT,  on  whioh  oognltlve 
models  ere  based,  (2)  Psyobophyelologloal  data,  suoh  as  heart  rate,  refleoting  energetloel 
meohenlau  (e.g.,  effort),  end  ee  (3)  Naurophyelologlosl  date  Indexing  oortloel  meohaniems  or 
structures  (e.g,,  hlppooupus) ,  whioh  ere  oompered  to  date  oolleotod  with  'depth'  electrodes  or 
ealmel  models. 

DATA  MODELS 


Behavioral 

Pay ohophy elol ogloal 

Weuro  phy  nlologl  oal 


Cognitive 

gnergetloel 

Oortloel 
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For  yxaaple,  the  amplitude  of  tho  N2  component  aay  b*  larger  with  an  easy  discrimination.  booauaa  of  tha 
larger  arousal  valua;  it  aay  also  be  argued  that  the  aaplltuda  Is  larger,  baoause  more  processing  is 
needed  with  the  sore  dlffloult  dlaorialsatlon.  It  ahould  be  realised  that  ERP  ooaponents>  suoh  as  N2  and 
P3>  are  aoat  prominent  to  task-relevant,  but  rare,  stlaull.  This  suggests  an  arousal  response  and  oan  be 
Interpreted  In  terms  of  an  orientation  raaponse  theory.  However,  even  then  the  oonponent  oan  be  uaed  as  a 
aarker  for  the  tlalng  of  a  psyohologloal  prooass  (l.e. .  the  dlaorlalnatlon  of  the  stlaulus). 


7.  COMPARISONS  ACROSS  PARADIGMS 

One  Important  factor  which  haapers  progress  in  evaluating  the  psyohologloal  significance  of  endog¬ 
enous  ooaponents  Is  that  they  are  usually  obtained  In  quite  different  paradigms.  Even  when  the  sane  task 
Is  used,  there  aay  be  oonaiderable  dlfferenoes  In  the  manipulation  of  task  variables,  the  procedures 
(Instructions,  training.  eto.)>  and  the  stlaulus  (sodality,  presentation  rate,  etc.)  and  response  ohar- 
aoteristloa  (responding,  counting,  etc, ) .  Moreover,  aost  Investigators  tend  to  oonoentratr  on  one  or  two 
ooaponents  obtained  in  one  particular  paradlga.  Thus,  comparisons  between  BRP  waves  or  ooaponents  aost 
often  involve  ooaparisons  between  paradises  and  between  investigators.  This  makes  It  extremely  dlffloult 
to  review  the  literature  In  the  area  and  to  daolde  whether  a  particular  wave  obtained  by  one  Investigator 
is  in  faat  the  same  oonponent  as  the  one  obtained  by  another  investigator  In  a  somewhat  different  para¬ 
digm.  Comparisons  between  paradlgis  are  neoesaary  to  establish  the  psyohologloal  slgnlfloanoe  of  endog¬ 
enous  ooaponents  and  to  exaaina  their  generallxabillty.  reliability,  and  validity.  This  is  also  an 
Important  issue  In  hiaan  performance  research,  where  the  queatlon  aay  be  raised  as  to  what  extent  differ¬ 
ences  between  models  of  information  prooesalng  are  oaused  by  the  partloular  paradigms  used;  or  whether  an 
information- processing  model  based  on  a  partloular  paradise  oan  be  generalised  to  other  task  configura¬ 
tions  or  to  task  performance  In  real-life  situations.  Thus,  ooaparisons  between  paradigms  should  be  made 
within  one  study  using  the  same  subjects  and  experimental  procedures.  Whenever  possible  the  same  type  of 
stimuli  and  responses  should  be  used,  and  the  probability  and  the  time  structure  ahould  also  be  the  same. 

Oaillard  and  Verduin  (1985)  dearly  ahowed  that  It  Is  Indeed  haxardoua  to  make  comparisons  between 
experiments,  even  when  they  are  carried  out  in  one  laboratory  with  the  same  stimuli  and  procedures. 
Endogenous  ooaponents  obtained  in  an  odd  ball  and  a  memory  comparison  task  were  compared  within  the  same 
study  and  with  results  obtained  previously  in  separate  studies.  Some  of  the  dlfferenoes  between  the  tasks 
obtained  in  the  separate  experiments  were  replioated.  but  others  were  not.  In  tho  latter  case  the  differ¬ 
ences  may  have  been  originated  by  'small'  changes  in  task  variables,  suoh  as  lnterstiaulus  Interval,  or 
they  aay  have  been  due  to  random  variations  (a.g. ,  caused  by  different  subject  differences).  A  direct 
comparison  wli-htn  one  experiaant,  using  the  saae  subjects,  stimuli,  procedures,  eta. ,  demonstrates  more 
dearly  similarities  and  diffarenoes  in  the  lstanoles  and  amplitudes  of  the  endogenous  components.  On  the 
basis  of  this  dlraat  comparison,  experimental  findings  obtained  In  studies  using  only  one  task  aay  be 
bettar  understood  and  evaluated. 


S.  A  TAXONOMY  OF  TASKS 

Sluoa  a  generally  aooepted  taxonomy  of  tasks  is  not  available  It  Is  very  dirfloult  to  speolfy  the 
characteristics  of  the  tasks  ooaaonly  used  in  KRP  researoh.  To  establish  the  psyohologloal  slgnlfloanoe 
of  endogenous  ooaponents  It  Is  important  tc  know  whloh  task  characteristics  determine  the  oaourrenoe  of  a 
partloular  component.  One  way  of  doing  this,  la  by  examining  within  one  task  which  task  variables  Influ¬ 
ence  onset,  latency  and  amplitude  of  a  component.  However,  comparisons  aoross  paradigms  are  neoesaary, 
beoause  it  Is  impossible  to  devise  a  task  in  whloh  saoh  component  occurs.  Slnoe  Investigators  regularly 
make  comparisons  between  tasks,  either  explioltly  or  implicitly.  It  Is  Important  to  have  a  taxonomy  of 
tasks.  Although  comparisons  between  paradigsa  are  dlffloult  (see  above),  much  stronger  statements  oan  be 
made  due  to  the  large  dlfferenoes  between  taeka  in  their  potential  to  elioit  partloular  ERF  components. 
The  taxonomy  proposed  here  is  especially  devised  for  classifying  tasks  used  in  ERP  researoh  and  it  Is 
based  on  the  three  tssks  most  often  usedi  the  odd  ball  (OB),  selective  attention  (SA)  and  the  memory- 
oomparleon  task  (MC).  The  OB  task  Involves  the  discrimination  between  two  stimuli,  of  whloh  one  (the  odd 
stlaulus)  Is  infrequent.  In  the  SA  task  series  of  stimuli  are  presented  In  two  'channels'  (e.g.  ,  two 
ears)  and  tha  subject  Is  asked  to  deteot  occasional  targets  In  one  channel.  In  the  MC  task  subjects 
search  for  stimuli  designated  as  targets  from  aaong  several  nontargeta.  The  most  important  aspect  of  any 
taxonomy  is  the  oholoe  of  dimensions  in  terms  of  whioh  the  tasks  are  to  be  described  and  oategorixed. 

First,  task  variables  are  considered  whioh  oan  be  manipulated  within  each  task  and  therefore  oannot 
be  used  for  a  olasslfioatlon  of  tasks,  These  art  tha  parameters,  that  determine  the  stlaulus  configura¬ 
tion,  suoh  as  (1)  modality,  (2)  lnterstiaulus  interval,  and  (3)  nrobablllty  of  the  stlaull,  or  the  way  of 
responding  (4)  response  Bode  (RT,  delayed  response,  counting)  and  (5)  oholoe  versus  seleotlve  response:  a 
response  la  required  to  eaoh  stlaulus  or  to  a  aelaotlon  of  the  stimuli.  None  of  these  vsrlables  does 
capture  the  essential  diffarenoes  between  the  teaks. 

Now  the  task  variables  are  discussed  whloh  appear  to  be  sufficient  and  neoesaary  to  delineate  the 
three  types  of  tasks  (0B-,  SA-.  and  MC-tasks)  aost  often  used, 

(1)  One-  vs.  two-oholoei  In  one-oholoe  tasks  there  are  only  two  stimulus  categories,  of  whloh  one  is 
mostly  infrequent  and  the  stimuli  in  this  oategory  are  designated  as  targets.  In  a  two-choice  task  there 
era  four  stimulus  categories,  whloh  are  separated  along  two  dlaenaions  (e.g.,  pitch  and  location).  The 
subjeot  ia  requested  to  make  a  conjunction,  l.e,,  to  search  for  the  stimuli  in  one  oategory  (e.g.,  high 
tones  in  the  left  ear).  It  is  of  oouraa  also  possible  to  use  a  three-oholoe  task,  involving  three  stim¬ 
ulus  dimensions,  for  exaapla  duration,  pitch,  and  location  (see  also  Hlllyard  A  Kutas,  1983). 

(2)  Homo-  vs.  heterogenous  baokground:  In  most  OB  and  SA  tasks  there  la  only  one  stlaulus  per  stimulus 
oategory  (OB:  high/low  tone)  SA:  high/low  tone  in  eaoh  >r).  In  MC  tasks,  however,  there  are  always 
several  nontargeta.  A  stimulus  baokground  is  oslled  heterogenous  when  the  nontarget  category  consists  of 
more  than  one  stlaulus.  and  the  baokground  is  homogenous,  when  there  Is  only  one  nontarget  stimulus.  The 
MC  task  ia  still  a  one-ehoioe  task  beoause  the  nontarget  stimuli  differ  from  eaoh  other  and  from  the 
target  stimuli  along  the  same  dimension. 

(3)  Number  of  targets:  Another  important  factor  la  the  rnaber  of  targets  the  subjeot  is  searching  for.  In 
moat  OB  and  SA  tasks  there  is  only  one  stimulus  in  the  target  stimulus  aategcry,  but  in  SA  tasks  there 
oan  be  more  than  one  stimulus  in  this  oategory.  Again  It  is  assumed  that  the  targets  differ  on  the  saae 
dimension  from  eaoh  other  as  from  thv  nontargeta:  if  not,  then  it  is  a  two-ohoios  task.  For  example,  when 


17-5 


*  sucjsot  has  to  aaaroh  for  two  high  pitch  tonaa  unong  several  lower  oltohad  tones,  this  will  t*  otllsd  a 
ona-oholoa  tnak|  whan  tha  aubjeot  has  to  aaaroh  for  two  high  pltoh  tonaa  among  serveral  lowar  pltohad 
tonaa  In  ona  aar  only  It  will  ba  called  a  two-oholoa  task,  involving  two  targata  and  a  heterogenous 
stimulus  baokground. 

14)  Stimulus  complexity!  This  fmotory  rafara  to  tha  <-ypa  of  dlaanslon  and  aay  ranga  frcn  a  sal  lent 
physical  paraaatara,  such  aa  pltoa,  to  oognltlva  variablaop  such  as  aala/faaala  names,  The  following  type 
of  diaanalona  say  ba  diatlnguiahaoi  (a)  Staple  phyaioal  dlaanslon  (location,  pltoh,  oolor,  eta.),  (b) 
Complex  phyaioal  dlaanslon  (ploturea,  sounda,  ato.),  (o)  fhonatlo  dlaanslon  (lattara,  digits,  symbols), 
(d)  Seaantio  dlaanslon  (words). 

(5)  Discrimination  difficulty:  Although  thin  faotor  oar  bw  invaotigatad  In  any  task  It  la  dlsouasad  hero 
beoausa  it  fundaaantally  ohangaa  tha  nature  of  tha  task  (ocaptre  for  example  an  RT  task  with  a  signal 
dataotlon  task)  and  beoausa  It  la  oloaely  related  to  tha  previous  faotor,  Depending  on  tha  complexity  of 
the  stimuli,  discrimination  difficulty  may  have  a  quits  different  oharaoter  and  therefore  will  affeot 
information  processing  In  a  different  way,  whloh  In  turn  will  have  Its  effaots  on  tha  characteristics  of 
the  endogenous  oomponenta.  The  factors  'complexity1  and  'difficulty*  are  often  confounded  under  the 
assumption  that  discriminations  on  a  rower  level  of  etimulua  complexity  are  neoeaaarlly  eaalet  or  preoede 
diaorlminatlona  that  are  more  oognltlva.  However,  the  discrimination  between  1000  Ha  and  1010  Ht  may  be 
mors  difficult  than  a  discrimination  between  letters  and  digits.  Thus  discrimination  difficulty  may  be 
varied  on  aaoh  of  tha  dimensions  mentioned  under  (4). 

The  tasks  can  now  be  oharaoterlzed  In  terms  cf  the  above  faotors.  An  OB  task  la  e  ona-oholoa  task, 
involving  i  frequent  and  an  Infrequent  etimulua.  In  this  task  all  sorts  of  stimuli  have  been  used, 
varying  from  truss  to  words.  In  a  SA  task  two-oholoes  have  to  be  made  on  two,  often  simple  physical, 
dimensions.  Tha  discrimination  along  tha  most  sellout  dimension  la  assumed  to  be  made  first.  A  SA  task 
aay  be  regarded  as  a  two-choice  taax  with  an  0B  task  within  each  ' channel'.  A  MC  task  is  a  orm-oholoe 
task,  Involving  one  or  more  targets  end  a  heterogenour,  stlaulua  baokground.  Targets  are  stimuli  belonging 
to  a  designated  set  of  items,  whloh  is  held  in  memory,  test  M0  tasks  use  letters  or  digits  as  stimuli, 
but  It  Is  also  possible  to  use  speeoh  sounds  or  tones  differing  in  pltoh.  Semantlo  categorization  tasks 
oan  be  seen  as  MC  tasks  in  whloh  the  targets  are  words  belonging  to  a  particular  semantlo  oategory  (e.g. , 
animals;  noiwo.  Is).  Tasks  using  oemplex  stimuli,  such  ss  letters  or  words,  will  ba  regarded  as  ons-oholoe 
teaks,  beoausa  the  differences  between  the  stimuli  (for  example,  between  targets  and  nontargets)  are 
along  tljo  same  psyohologloal  dimension,  although  the  stimuli  may  differ  along  several  phyaioal  dimensions 
from  eaoh  other.  There  la  one  task  situation  whloh  la  between  0B  and  MC  task,  l.e. ,  a  one-oholoe  task 
with  one  target  but  with  several  nontargnta.  It  la  also  possible  to  oombine  a  MC  and  a  SA  task;  for 
example,  when  the  subject  has  to  selsot  a  particular  syllable  among  several  syllables  only  in  one  ear, 
Ignoring  syllables  presented  to  the  other  ear. 
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SUMMARY 

Three  experiments  will  be  described  in  whieh  cognitive  demands  were  manipulated. 

The  task  was  a  modified  Sternberg  paradigm  comprised  of  three  task  stimuli:  the  cue, 
providing  information  about  the  memory  set,  the  memory  set  itself,  and  a  teBt  stimulus, 
a  member  of  the  memory  set  on  half  the  trials.  Among  variables  investigated  were  set  size 
and  nature  of  the  stimulus  material.  Physiological  measures  inoluded  EEO  Event-Related 
Potentials  to  the  three  stimuli  ("Task-ERPs" ) ,  ERPs  to  "probe"  stimuli  ( "Probe-ERPs" ) , 
flashes  irrelevant  to  performance.  Three  measures  derived  from  the  eye  blink  and  one 
heart  rate  measure  were  used. 

Results  demonstrated  ERP  changes  related  to  task  difficulty.  Some  involved  the  ERP 
to  the  memory  stimulus  and  some,  .the  probe  ERP.  Heart  rate  changes,  some  related  to 
expectancy,  others  to  task  demands,  were  also  obtained.  Blink  probability,  duration  and 
timing,  all  reflected  stimulus  expectancy  and  difficulty. 

These  results  suggest  that  Work  load,  as  well  aB  attention,  can  be  evaluated  using 
physiological  measures. 


) 

That  cognitive  activity  should  be  reflected  in  altered  pattern;  of  brain  activity, 
is  a  working  hypothesis  adopted  by  all  workers  in  this  field.  Specific  documentation  in 
support  of  that  assumption  has  been  somewhat  more  elusive,  but  as  other  speakers  in  this 
meeting  have  demonstrated,  progress  is  being  made.  The  approach  that  our  laboratory  has 
taken  in  evaluating  physiological  inctTces  of  cognitive  activity  diffe-s  from  that  taken 
by  others  in  two  major  ways.  Although  measures  of  brain  activity  should  play  a  "central" 
role  in  our  understanding  of  cognitive  processes,  we  believe  that  other  physiological 
measures  may  be  equally  important  reflectors  of  perceptual,  cognitive,  and  affective 
processes.  Accordingly,  we  have  selected  the  eye  blink  and  heart  rate  a3  additional 
measures,  along  with  EEO  measures,  to  be  used  in  decoding  the  intricacies  of  human 
cognition. 

Why  have  we  selected  the  eye  blink  and  heart  rate  rather  than  electrodermal , 
peripheral  vascular  changes,  muscle  potentials,  or  other  physiological  Indices?  The 
selection  is  based,  in  part,  on  prior  research  from  our  laboratory  on  the  eye  blink,  and, 
in  part,  derives  from  the  research  of  the  Laceys,  relating  heart  rate  changes  to  aspects 
of  information  intake  and  rejection.  A  reason  for  limiting  ourselves  to  these  three 
measures  is  that  we  still  like  to  monitor  all  data  as  they  are  being  acquired  (one  of 
the  mottos  of  the  State  of  Missouri,  where  we  work,  is  "Seeing  Is  Believing,"  a  motto 
I  have  taken  dearly  to  heart),  and  our  polygraph  limited  us  to  a  maximum  of  seven  channels 
Including  stimulus  artifacts.  Another,  more  practical  reason  for  this  limitation  is  that 
the  likelihood  of  a  channel  of  data  collection  going  "bad"  increases,  it  seems,  at  least 
as  the  square  of  the  number  of  channels  of  data  being  recorded. 

The  second  way  in  which  our  research  differs  from  much  of  the  material  reported  in 
this  symposium  and  in  the  published  literature,  deals  with  the  procedures  used  to  elicit 
event-related  potentials  (ERPs).  As  others,  we  are  Interested  in  changes  in  the  ERPs 
elicited  by  task-relevant  stimuli  as  variables,  such  as  difficulty  and  nature  of  task 
requirements,  are  manipulated.  We  are  equally  interested,  however,  in  changes  in  the  ERPs 
in  response  to  what  are  called  "probe"  stimuli  (1).  These  stimuli  do  not  demand  an  overt 
or  covert  response  by  the  participant;  that  Is,  they  arc  irrelevant  to  the  assigned  task. 
In  this  sense,  the  probe  stimuli  used  in  our  studies  are  less  intrusive  than  those  used 
by  others. 

Our  probe  stimulus  procedure  differs  from  that  of  others  in  one  further,  and 
important,  way.  In  other  laboratories,  the  probes  are  often  presented  at  random  points 
during  primary  task  performance,  and  responses  to  these  temporally  random  events  are 
pooled;  thus,  the  time  dimension  is  lost  in  the  analysis.  Assuming  that  information 
processing  followB  a  reasonably  consistent  pattern,  sequential  or  otherwise,  then 
introducing  probe  stimuli  at  specific  points,  and  evaluating  the  ERPs  separately  for  each 
of  these  points,  should  give  us  some  clues  about  the  time  course  of  processing.  For 
example,  a  probe  presented  when  the  subject  is  committing  information  to  memory  might 


18-2 


elioit  a  different  ESP  pattern  than  on#  presented  when  he  is  rehearsing  or  anticipating 
information.  Accordingly,  we  preeent  suoh  probes  at  specific  timea  during  primary  task J 
performance  and  average  the  ERPs  separately  for  oaoh  time  point.  Our  guiding  hypothesis 
(or  hunoh)  Is  that,  to  the  extent  to  whioh  cerebral  Bpaoe,  so  to  speak,  is  allocated  to 
the  processing  of  the  primary  information,  this  "apaoe"  is  not  available  for  dealing  with 
irrelevant  information,  the  probe  stimuli  in  this  case.  Thus,  the  ERP  to  the  Irrelevant 
Information  should  reflect  this  increase  in  the  demands  of  the  primary  task. 

1  will  briefly  review  the  reaulta  of  three  studies  that  have,  in  part,  dealt  with 
all  of  the  above  issues.  The  experimental  paradigm  used  is  a  variant  of  the  Sternberg 
varied  set  memory  task:  one  uommits  to  memory  a  set  of  items  (most  oommonly,  letters) 
and  some  time  later,  a  TEST  stimulus  is  presented.  The  deoision  must  be  made  as  to  whether 
the  TEST  stimulus  is,  or  is  not,  a  member  of  the  memorised  set,  and  a  discriminative 
response  must  be  made.  Our  variant  of  this  task,  as  displayed  in  Figure  1,  presents  the 
participant  with  a  CUE  stimulus,  which  provides  information  about  the  nature  of  an 
upcoming  memory  set.  After  a  fixed  Interval,  the  MEMORY  set  is  presented.  This  is  followed 
again  after  the  same  interval,  by  the  TEST  stimulus.  The  TEST  stimulus  may,  or  may  not, 
be  a  member  of  the  memory  set.  The  first,  or  CUE  stimulus,  thus,  alertB  the  subject  about 
WHAT  to  expect  and  WHEN  to  expect  it.  The  WHAT  depends  on  the  study:  In  one  study  it 
identifies  both  the  number  of  items  in  the  memory  set  and  the  nature  of  the  stimulus 
material,  that  is,  letters  or  "random  shapes."  The  WHEN  defines  the  interstimulus  Interval. 
One  would  expeot  that  "attentional  resources"  will  be  mobilized  so  that  attention  would 
be  greatest  at  the  point  immediately  preceding  memory  set  presentation,  and  that  more  such 
resources  would  be  mobilized  for  a  difficult  (large)  memory  set  than  a  small  one.  During 
the  MEMORY  Interval,  one  first  has  to  oeroeive  the  stimulus  material  (presented  for  a 
short  period  of  time),  oommit  the  information  to  memory,  and  retain  the  information  for 
the  duration  of  the  memory  period.  Again,  anticipation  playe  a  role,  Binoe  the  TEST 
stimulus  ooours  after  a  fixed  delay  following  the  memory  stimulus.  Response  to  the  TEST 
etimulue,  again,  involves  perceiving  it  (it  is  always  a  single  item),  comparing  it  to  the 
items  committed  to  memory,  making  an  appropriate  response,  and  then  waiting  for  the  next 
CUE  stimulus,  which  occurs  a  fixed  time  after  presentation  of  the  TEST  stimulus. 

In  the  initial  study,  all  task  stimuli  were  presented  for  700  msec.  Three  different 
set  sizes  were  used:  1,  3,  or  5  letter  .  The  interstimulus  interval,  the  period  between 
the  offset  of  one  stimulus  and  the  onset  of  the  next,  was  5  sec  for  all  three  intervals 
in  s  trial,  that  Is,  between  CUE  offset  and  MEMORY  set  onset,  between  MEMORY  set  offset 
and  TEST  onset,  ar.d  oetween  TEST  stimulus  offset  ar.d  the  onset  of  the  next  CUE.  On  each 
of  two  days,  subjects  were  given  a  brief  set  of  praotioe  trials,  followed  by  two 
30-mlnute  periods  of  task  performance  consisting  of  225  trials.  Thus,  there  were  t50 
trials  in  all.  On  90*  of  the  trials,  a  probe  stimulus  (a  dim,  four-foot  candle,  diffuse 
light),  100  msec  in  duration,  was  presented  at  one  of  three  positions  following  the 
MEMORY  period.  The  three  positions  were:  early,  In  the  middle,  or  late  in  the 
Interstimulus  periods. 

Event-related  potentials  evoked  by  task  stimuli  have  been  Investigated  in  two 
studies  which  differed  quite  radically,  with  respect  to  the  nature  of  stimuli  used  and  in 
placement  of  electrodes.  In  the  first  study,  all  Btlmuli  were  letters  in  set  sizes  of 
1,  3,  and  5,  and  the  electrodes  were  located  at  Pz  and  Fz.  In  the  second  study,  stimuli 
were  lettere  (in  2-  or  6-item  sets)  or  Japanese  Katakana  characters  (in  1-  or  2-ltem  sets) 
and  electrodes  were  located  at  bilaterally  symmetrJ  il  sites  over  parietal  and  temporal 
areas.  We  will,  in  general,  restrict  our  comments  to  resultB  that  were  concordant  across 
these  two  studies. 

In  both  studies,  set  size  had  significant  effectB  on  P3  amplitude  to  both  the  memory 
3et  and  the  test  stimulus.  P3  to  the  memory  set  Increased  in  amplitude  as  a  function  of 
set  size,  while  the  same  component  decreased  in  amplitude  as  a  function  of  set  size  for 
t lie  TEST  stimulus.  The  decrease  in  F3  as  a  function  of  set  size,  had  been  previously 
demonstrated  by  Qomer,  Spiouzza,  and  O'Donnell  (2)  as  well  as  others.  This  decrease  in  P3 
amplitude  lias  generally  been  attributed  to  setsize-related  increases  in  equivocation  or 
subjective  uncertainty.  Squires,  et  al.  ( 3 » ** )  have  demonstrated  reductions  in  P3  amplitude 
in  association  with  increased  uncertainty  more  directly. 

Our  Interpretation  of  the  increase  in  P3  amplitude  to  the  memory  set,  is  that  it 
ref] rets  a  graded  mobilization  of  processing  resources  in  direct  proportion  to  the  number 
of  items  which  must  be  encoded  from  the  memory  set,  i.e.,  P3  amplitude  increases  as  a 
positive  function  of  the  amount  of  Information  provided  by  the  eliciting  stimulus.  This 
view  is  also  consistent  with  the  reported  positive  relationship  between  stimulus  novelty 
and  P3  amplitude  (5).  Another  possibility,  though  remote,  is  that  the  greater  P3  amplitude 
to  the  more  complex  stimulus  may  be  attributable  Bolely  to  the  larger  area  of  stimulation 
associated  with  five  than  with  fewer  letters,  If  this  were  the  case,  we  would  expect  that 
earlier  exogenous  components  would  more  likely  be  affected  this  manipulation  than  T3. 

What  about  differential  ERPs  to  probe  stimuli  as  a  U:,. lion  of  task  difficulty?  The 
findings  from  our  first  study,  in  which  we  utilized  set  sizes  of  1,  3,  and  5  letters, 
will  be  reviewed  here.  Probe  stimuli,  you  will  recall,  were  Introduced  at  three  points  In 
the  CUE  and  MEMORY  periods.  Differential  effects,  attributable  to  set  size,  were  found 
only  for  the  probe  late  in  the  CUE  period,  i.e.,  In  anticipation  of  the  memory  set,  and 
for  the  first  probe  following  memory  set  presentation.  The  amplitude  of  Pl-Nl  was 
positively  related  to  set  size  for  the  late  probe  position  in  the  CUE  Interval,  while 
the  amplitude  of  N1-P2  was  negatively  related  to  set  size  at  the  early  probe  position 
following  the  memory  set.  This  effect  was 
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seen  principally  for  la»d  placement  Pe.  The  positive  relntionship  of  set  algo  and  Pl-Nl 
amplitude,  Immediately  preceding  the  presentation  of  material  to  be  committed  to  memory, 
suggests  that  this  early  EFtP  oompo-um,  might  index  the  mobi  i  !  cation  of  a  selective 
actentlonal  system. 

The  use  of  the  term,  "aeleotive,"  given  the  use  of  letter  aymbole  here,  is  based 
upon  the  finding  that  this  component  alone  increased  in  amplitude  as  a  runotion  of  set 
site.  Our  expectation,  derived  from  the  "oerehral  space"  notion,  had  been  that  if 
attentional  resources  specific  to  letter  processing  had  been  invoked,  then  less  in  the 
way  of  resources  would  have  been  available  to  process  the  visual  probe  stimuli,  whioh 
would  result  in  a  reduction  in  probe  ERP  amplitude.  The  Increases  in  Pl-Nl  an  a  function 
of  set  site,  however,  suggests  to  ue  the  mobilization  of  attentlcinal  resources  less 
speolfia  than  those  restrioted  to  letter  processing,  ilex  general  this  attentional  system 
is  cannot  be  determined  at  this  time.  Since  the  probe  stimulus  here  was  visual,  we 
hypothesize  that  the  mobilization  extends  to  the  entire  visual  system.  The  failure  of  an 
auditory  probe  to  produce  a  similar  augmentation  would  tent  to  support  such  an 
interpretation.  However,  until  suoli  an  experiment  has  been  successfully  conducted,  we 
feel  more  comfortable  using  the  broader  descriptor — "selective  attentional  system." 

As  we  will  see  later,  it  i.e  only  the  ERP  to  stimuli  presented  at  this  probe  location, 
whioh  mirrors  such  a  process.  Neither  the  HR  nor  the  blink  variable  allowed  for  the 
identification  of  such  aeleotive  attentional  processes. 

How  do  we  aooount  for  the  probe  set  size  effect,  found  early  in  the  MEMORY  intorval 
(within  1-2  seconds  after  memory  set  presentation)?  The  effeot  here  is  a  reduction  in 
amplitude  of  the  Nl-Pl  component  as  set  size  increases.  This  result  is  in  line  with  a 
limited  capacity  model  and  our  speculation  that  as  processing  reeources  are  ailooated  to 
the  memory  task,  they  are  not  available  for  processing  the  irrelevant  information. 

As  we  will  see  below,  these  results  are,  in  a  sense,  corroborated  by  both  HR  and 
blink  data.  Why  is  the  ERP  set  size  effect  limited  to  the  early  interval  in  the  MEMORY 
perlod7  A  number  of  suggestions  come  to  mind.  If  retention  of  the  memory  set  Involves 
rehearsal  of  the  letters,  then,  with  the  larger  set,  the  subject  may  still  be  in  the 
first  "repetition"  of  the  letter  set,  when  the  early  probe  stlmulla  is  presented,  while, 
for  smaller  letter  sets,  he  may  be  at  other  points  in  the  processing  chain.  If  the  response 
to  the  probe  ERP  is  affected  by  the  processing  of  the  primary  information ,  then  the 
alteration  in  this  component  would  only  be  seen  when  this  Etimulis  is  time  locked  to  such 
processing. 

How  might  Task  and  Probe  ERPs  be  used  in  flight  simulation  as  well  aB  in  flight,  to 
evaluate  aspeats  of  "work  load"? 

1.  We  have  demonstrated  that  the  ERP  to  primary  task  stimuli  (presentation  of  CUE, 
MEMORY  set,  TEST  stimuli)  demonstrates  attenuation  or  enhancement  of  selected 
components. 

Could  we  distinguish  between  ERPs  associated  with  looking  at  a  particular 
instrument  display  when  that  look  is  a  simple  periodic  ckeck,  and  when  it  is  a 
critical  oheck  (such  as  in  checking  heading  during  flight  or  checking  heading 
as  waypoint  Is  approached)? 

2.  We  have  demonstrated  that  ERPs  to  probe  stimuli  are  affected  by  difficulty  level 
of  the  primary  task. 

Can  the  response  to  such  probe  stimuli  be  used  to  assess  "spare  channel 
capacity,"  and  work  load  demands  of  the  primary  task? 

Let  us  turn  briefly  to  the  heart  rate  and  eye  blink  data,  collected  under  these  same 
experimental  conditions.  Heart  rate  (HR)  and  blink  analyses  are  presented  from  a  study  in 
whioh  the  interval  between  stimuluo  presentation  (6  and  10  seconds)  end  two  levels  of 
task  difficulty  (2  or  6  letters)  were  manipulated.  Figure  2  depicts  the  results  for  the 
HR  analysis.  It  will  be  remembered  that  the  Laceys'  prediction  would  have  cardiac 
deceleration  associated  with  the  readiness  to  take  in  environmental  information,  while 
cardiac  acceleration  is  associated  with  the  shutting  out  of  environmental  inputs  and  the 
internal  manipulation  of  Information.  Our  data  clearly  demonstrate  that  in  anticipation 
of  the  MEMORY  set,  as  well  as  the  TEST  stimulus,  there  Is  significant  cardiac  deceleration. 
This  deceleration,  however,  is  independent  of  expected  "load,"  l.e.,  the  expectation  of 
a  large  memory  set  produces  the  same  level  of  deceleration  as  a  small  set.  (This  result 
replicates  an  earlier  study  which  utilized  set  size  of  1,  3,  and  5  letters.  Here,  too, 
no  set  size  effect  was  noted  for  the  deceleratlve  response). 

During  all  three  time  periods,  the  HR  pattern  is  one  of  initial  acceleration  followed 
by  deceleration.  The  absolute  amount  of  acceleration  is  greatest  following  the  execution 
of  the  discriminative  response,  and  also  appears  to  be  affected  by  the  lnterstumulus 
Interval.  The  accelerative  effect  is  greater  for  the  10  second,  than  the  6  second,  period 
for  both  the  CUE  and  TEST  stimulus  periods.  During  the  MEMORY  period,  the  cardiac 
accelerative  effect  discriminates  between  the  two  load  conditions,  with  earlier  and 
steeper  acceleration  obtained  for  the  two-  as  compared  to  the  six-letter  condition. 

We  can  conclude  that  the  deceleration  seen  in  anticipation  of  any  event  (MEMORY, 

TEST,  or  CUE  stimulus)  is  not  affected  by  task  demands,  but  most  likely  reflects  a 
general  attentional  process.  The  accelerative  component  which  follows  stimulus  presentation 
is  affected  by  the  nature  of  the  task  demand,  with  higher  task  demands  associated  with 
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slow*?  oardiao  aooaleratlon.  Whether  thli  • rfeot  Is  attributable  to  differences  in 
rehearsal  prooessee,  or  s  direst  rsflsotion  of  task  difficulty,  aannot  be  determined  from 
th»  present  set  of  rssults.  It  is  also  olear  that  the  aooelerative  oomponent  is  effected 
by  the  duration  of  th#  intsrstlmulus  intsrval,  with  greater  acceleration  during  the  CUE 
and  TEST  period  for  the  longer  ISI.  The  oardiaa  system,  as  far  as  its  response  to 
peroeptual  and  cognitive  demands  are  concerned,  is  rather  sluggish.  One  might  also  go  so 
far  as  to  suggest  that  aoceleratlve  and  deoeleratlve  components  are  triggered  by  different 
CNS  mechanisms.  Thus,  the  smaller  oardiao  acceleration  seen  following  presentation  of  the 
CUE  and  TEST  stimuli  for  the  six  second  ISI  condition,  may  be  a  function  of  deoeleratlve 
components  ooming  into  play  earlier  for  this,  as  aompared  to  the  10  second,  ISI  Interval. 

Our  results  certainly  suggest  that  we  aan  learn  much  about  attentive  and  information 
processing  attributes  from  studying  moment-to-raoment  ohangss  in  HR 5  that  the  Laonya  are 
oorreot  about  their  Interpretation  of  the  oardiao  deoeleratlve  response,  but  that  the 
accelerative  roeponae  is  subject  to  a  wider  range  of  variables  than  "shutting  out 
environmental  input"  and  "Interval  processing."  How  suoh  "internal  processing"  is 
accomplished  may  be  reflected  in  aspects  of  the  aoceleratlve  response. 

Our  procedures  for  evaluating  the  eye  blink  are  a  bit  more  complex  than  simply 
oountlng  blinks.  Counting  blinks,  over  a  30  second  or  one  minute  period,  is  inadequate 
for  evaluating  the  moment-to-moment  ohanges  in  perceptual/oognltlve  processes  that  ooour 
during  the  performance  of  the  Sternberg  memory  task.  Rather  than  looking  at  averages  over 
a  relatively  long  time  period,  we  have  perferred  to  look  at  the  likelihood  of  blink 
ooeurrenoe  during  euoaossive  one-seoond  periods  of  task  performance.  Thus,  in  Figure  3 
we  depict  the  proportion  of  trials  on  which  a  blink  ooourred  in  any  one-eeoond  period  in 
the  trial.  It  is  expressed  in  blinks  per  minute,  a  measure  whiah  oan  readily  be  converted 
to  the  likelihood  of  a  blink  occurring  during  eaah  seoond,  by  dividing  the  observed  rate 
by  60.  Thus,  a  blink  rate  of  30  indicates  that  the  likelihood  of  a  blink  ooourring  during 
that  second  la  0.5,  or,  in  other  words,  that  blinks  ooourred  in  this  second  on  half  the 
trials. 

What  do  our  results  demonstrate?  Like  the  oardiao  response,  the  anticipation  of  any 
significant  event,  be  it  the  MEMORY  set,  the  TEST  stimulus,  or  the  CUE  stimulus,  leads 
to  a  decrease  in  blink  likelihood,  as  the  event  approaches.  Unlike  the  cardiac  response, 
which  we  described  as  sluggish  because  of  differences  in  deceleration  between  the  6  and 
10  second  ISI,  the  blink  response  is  more  responsive.  The  level  of  blinking  at  the  end  of 

the  6  seoond  period  is  comparable  to  that  scan  for  trials  on  whioh  the  ISI  was  10  seconds. 

Like  the  oardiao  response,  t  he  reduction  in  blink  likelihood  Is  not  affeoted  by  task 
demands,  a  two  item  list  producing  as  much  of  a  decrease  as  a  six  item  list.  The  major 
effeat  of  task  demand  occurs  with  the  presentation  of  the  memory  set,  where,  with  the 

small  set  size,  the  likelihood  is  great  that  a  blink  will  ocour  during  the  second  of 

stimulus  presentation,  while  the  larger  set  size  does  not  produce  such  an  effect  until 
the  seoond  after  the  stimulus  set  Is  terminated.  Figure  ^  depicts  this  effect  somewhat 
differently.  What  we  have  done  here  is  to  measure  the  latency  of  occurrence  of  the  first 
blink  following  presentation  of  the  CUE,  MEMORY,  and  TEST  stimuli.  Blink  latency  to  the 
CUE  stimulus,  the  numeral  "2"  or  "6,"  does  not  reflect  Bet  size.  The  blink  is  initiated 
approximately  800  msec  following  stimulus  onset,  that  1b,  100  msec  after  stimulus  offset. 
Similarly,  for  the  test  stimulus,  which  is  one  of  18  letters,  blink  latency  does  not 
discriminate  set  size.  Although  blink  latency  is  somewhat  longer  for  the  TEST  letters 
than  the  CUE  numbers,  these  differences  were  not  statistically  reliable.  It  is  only  when 
we  deal  with  the  memory  set,  where  either  two  or  six  letters  are  presented,  that  we  get 
a  set  size  effect  with  significantly  longer  blink  latencies  to  the  larger  stimulus  set. 
Latency  for  thesmall  set  Is  approximately  865  msec,  165  msec  after  stimulus  offset.  This 
falls  into  the  first  one-seoond  window.  Blink  latency  for  the  larger  set  was  1030  msec 
which  puts  thebllnk  well  into  the  second  one-second  window.  We  would  like  to  suggest  that 
the  viewer . Inhibits  blinking  until  he  has  "stored"  the  memory  set  in  some  short-term 
memory  register.  That  storage  process  transcends  stimulus  duration  for  the  larger  set  size. 

Returning  to  Figure  3,  we  can  further  note  that  the  time  course  of  blink  likelihood 
during  the  memory  period  discriminates  the  2  and  6  item  memory  sets  nicely.  Blink 
likelihood  for  seconds  3,  A,  and  5,  is  consistently  greater  for  the  larger  memory  set. 
Again,  we  suspect  that  the  difference  in  rehearsal  processes  for  the  6  vs .  2  items, 
produces  this  differential  effect.  Although  we  cannot  definitely  demonstrate  it,  we 
suspeot  that,  to  the  extent  that  subjects  use  a  vocal  or  subvocal  rehearsal  strategy, 
the  frequency  with  which  the  two  item  letter  set  is  so  rehearsed,  1b  considerably  smaller 
than  is  true  of  the  rehearsal  of  the  larger  letter  set.  With  respect  to  the  lnterstimulus 
Interval,  this  again  appears  to  play  no  role.  Thus,  as  we  have  demonetrated  in  other 
contexte  (6)  the  likelihood  and  timing  of  blinks  can  provide  us  with  data  on  aspects  of 
information  processing. 

In  addition  to  differences  in  likelihood  of  blink  occurrence  as  a  function  of 
stimulus  expectancy,  we  find  that  the  quality  of  the  blink  is  also  affected  by  suoh 
expectancy.  These  results  are  depicted  in  Figure  5.  Blink  closure  duration  is  defined  as 
the  time  Interval  between  the  blink  entering  and  leaving  a  window  defined  by  half  the 
amplitude  of  lid  closure.  It  is  readily  apparent  from  this  figure  that  blinks  occurring 
Immediately  preceding  informative  stimuli,  are  of  consistently  shorter  closure  duration 
than  those  which  occur  earlier.  Again,  neither  set  size  nor  ISI  has  an  appreciable  effect. 
We  suspeot  that  the  "cognitive  apparatus,"  located  somewhere  between  our  ears,  makes  these 
decisions  quite  automatically,  and  with  considerable  precision. 

We  have  attempted,  in  the  short  time  allocated,  to  review  the  lmpace  of  attentlonal, 
perceptual  information  storage,  information  retention,  and  comparator  functions  on  aspects 
of  brain,  heart,  and  eyelid  functioning. 


The  three  phyaiologloal  measures  provide  complementary  information.  Aspects  of  HR 
and  blinking  provide  information  about  attentional  processes  not  available  from  F.RP 
analysis  alone.  With  respeot  to  unique  attributes  of  eaoh  analytic  procedure,  our  ERP 
analyses  demonstrate  that  late  components,  suoh  as  P3,  are  differentially  affeot.ed  by 
manipulating  Information  storage  and  retrieval  requirements.  Increasing  storage  demands 
leads  to  an  inerease  in  P3  amplitude,  while  increasing  information  retrieval  demands 
leads  to  a  deorease  in  this  component.  Probe  ERPa ,  as  used  in  these  studies,  are  also 
instructive  in  traoklng  Information  storage  and  expectancy  variables.  The  oompononta 
affeoted  are  so-oalled  "exogenous,"  or  early  components,  and  demonstrate  that  information 
processing  is  not  a  simple  bottoms-up  process,  but  is  afl'soted  by  higher  level  processes. 

Heart  rate  deceleration  appears,  as  suggested  by  the  Laoeys,  to  be  ausoclated  with 
the  expectation  of  taking  in  information.  It  is  not  affected,  somewhat  surprisingly,  by 
WHAT  is  being  expected.  Cardiao  acceleration  is  affeotsd  by  a  wider  range  of  information 
prooeBBing  considerations  than  suggested  by  these  researchers.  Task  difficulty,  with 
respeot  to  Information  storage,  differentially  affects  the  cardiac  accelerator  response, 
wltn  lower  processing  requirements  leading  to  earlier  and  steeper  cardiac  acceleration 
than  more  difficult  tasks. 

In  addition  to  demonstrating  attentional  attributes,  blink  rate  also  discriminates 
between  easy  and  difficult  Information  storage  requirements,  with  blink  inhibition  during 
the  early  stages  of  information  processing  as  a  major  finding. 

How  can  these  findings  be  applied  in  the  "real  world?"  Wa  have  applied  them,  and 
continue  to  do  so  with  more  than  modest  success,  in  flight  simulation  environments  (7) 
and,  as  will  be  demonstrated  by  Skelly,  Purvis,  and  Wilson  later  this  afternoon,  in 
fighter  pilots  performing  during  airborne  missions. 

We've  oome  a  long  way,  but  still  have  a  long  way  to  go! 
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WILSON  (re  paper  by  STERN  ET  AL.),  US:  We  have  done  similar  experiments  to  those  of  Dr.  Stern.  I  would 
like  to  reinforce  hia  statement  that  the  probe  does  not  need  to  be  presented  during  the  time  at  which 
active  processing  takes  place.  We  performed  a  study  in  which  the  probes  were  randomly  interspersed  with 
discrete-task  stimuli,  and  we  found  no  effect.  Then  we  did  another  condition,  in  which  we  linked  the 
presentation  of  the  probe  to  the  presentation  of  a  discrete-primary-task  stimuli,  and,  indeed,  found  very 
similar  results  to  Dr.  Stern’s. 

KRAMER,  US:  I  have  trouble  making  the  analogy  between  an  irrelevant  probe  technique  and  a  secondary  task 
technique  as  described  in  John  Stern's  paper.  The  analogy  seams  to  be  that  if  someone  isn't  performing 
the  primary  task  then  any  residual  resources  will  be  allocated  to  the  probe  task.  That  is  not  the  way 
that  it  is  traditionally  done.  For  example,  in  Michael  Posner' a  work,  all  of  the  probes  are  te levant  ones 
chat  raquire  some  response  — ■  usually  a  simple  reaction  time  response;  sometimes  a  choice  reaction  time 
response.  The  problem  I  have  with  irrelevent  probee  ia  that  we  have  no  idea  what  subjects  do  with  such 
probes,  or  if,  in  fact,  different  subjects  do  the  same  or  different  things  with  the  probes.  Whether  or 
not  eubjects  process  these  probes  is  completely  up  to  them.  We  havo  no  behavioural  anchors,  as  Posner  had 
in  his  probe  technique,  against  which  to  check  our  assumptions  about  what  is  happening.  So,  I  have  great 
difficulty  interpreting  any  ERPs  elicited  by  those  probes  because  there  is  no  behavioural  anchor  and  I 
don't  know  what  the  subjects  are  doing. 

WILSON  (re  paper  by  STERN  ET  AL.),  US:  You  are  right,  but  I  see  it  as  an  advantage  that  it  is  not  a 
secondary  task.  In  other  words,  you  are  not  requiring  subjects  to  react  to  one  more  task  than  you  want 
them  to  do.  We  find,  with  both  electrical  and  magnetic  recordings,  in  all  of  our  subjects,  a  nice 
decrement  in  response  to  the  probe  ae  we  increase  the  difficulty  of  the  workload  of  the  primary  task.  It 
correlstaa  well  with  reaction  tima,  subjective  measures  and  ao  forth.  So  we  are  using  it  as  a  probe  even 
though  we  are  uncertain  how  subjects  are  processing  it. 

KRAMER,  US:  Pinding  s  decrement  in  the  amplitude  of  the  P300  as  elicited  by  the  probe  is  nice,  but  it  is 
•till  the  case  that  smaller  P300  amplitudes  could  be  due  to  very  different  strategies  in  different  sub¬ 
jects.  We  would  never  know,  because  there  ia  no  reaction  time  to  that  probe.  It  ia  irrelevant;  it  ia  not 
to  be  responded  to.  So  I'm  not  quite  sure  how  you  relate  it  back  to  subjects,  strategies  or  any  other 
factors  that  might  be  relevant. 
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CAN  CNV  AMPLITUDE  PREDICT  ABILITY  TO  ACCOMPLISH  A  DEMANDING  TASK? 
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SUMMARY 

Increased  CNV  amplitude  has  been  related  to  attention,  effort  and  quick  response 
to  stimuli,  while  decreased  CNV  amplitude  has  been  related  to  distraction, 
delayed  reaction  time  and  disorder  of  mental  or  emotional  functioning. 1  These 
observations  suggest  that  CNV  amplitude  measured  in  the  laboratory  might  be  a 
useful  predictor  of  an  indivudual's  ability  to  accomplish  a  demanding  sensori¬ 
motor  task  under  operational  conditions.  One  such  task  is  the  operation  of  a 
surface-to-air  missile  known  as  "Blowpipe".  Firing  this  weapon  requires  rapid 
accurate  processing  of  information  from  the  target,  and  precise,  varying 
responses  to  that  information,  under  stressful  conditions.  It  also  requires 
strength  and  a  postural  response  to  the  missile's  discharge  which  is  cued  by 
auditory  stimuli  emanating  from  the  weapon.  Thus  the  firing  operation  is  not 
unlike  a  CNV-genera t i ng  situation. 

The  "Blowpipe"  training  program  afforded  an  opportunity  to  test  the  usefulness 
of  CNV  measurement  for  predicting  operational  performance  as  assessed  during 
the  firing  of  real  missiles  on  a  testing  range.  It  was  hypothesized  that  low 
laboratory  CNV  amplitude  would  predict  unsuccessful  "Blowpipe"  firing  and 
vice  versa. 

CNV  amplitude  was  measured  in  75  soldiers  engaged  in  training  as  missile 
operators.  Sixty-nine  subjects  completed  the  qualifving  course  and  fired 
real  missiles.  Those  who  showed  poor  firing  performance  had  CNV  amplitudes 
at  the  extremes  of  the  range.  Selection  strategies  are  discussed. 

METHOD 

Sixty  five  trainees  attended  the  laboratory  prior  to  starting  their  missile  training 
program.  Ten  more  attended  subsequently.  S's  were  seated  in  a  large,  quiet,  darkened 
room  kept  at  a  comfortable  temperature.  Eyes  were  closed  and  still.  The  CNV  paradigm 
consisted  of  a  warning  click  delivered  at  approximately  70  dB  through  earphones, 
followed  one  second  later  by  a  train  of  light  flashes  at  16  fps  from  a  stroboscope 
25  ems  in  front  of  the  subject's  face.  S's  were  Instructed  to  terminate  the  sequence 
of  flashes  as  quickly  as  possible  by  pressing  a  button.  The  intertrial  interval 
varied  irregularly  between  5  and  15  seconds. 

EEQ  was  recorded  from  Ag/Ag  CX  electrodes  located  at  Fp^,  C„  and  P.,.  Linked  ear  lobes 
served  aa  reference.  Cz  was  compensated  for  eye  movements  as  described  by  Me  Callum 
and  Walter  (1968).  The  skin  was  slightly  abraded  under  each  electrode  to  give 
resistance  of  <  IK  .  The  EEQ  was  recorded  with  a  10-second  time  constant  on  analog 
tape.  CNV©  were  averaged  offline  in  aets  of  2k  using  a  PDP  12  computer.  Artefact 
contaminated  trials  were  rejected  at  this  stage. 

An  electronic  weapon  simulator  was  used  In  training.  Performance  at  the  end  of  the 
initial  phase  of  training  determined  whether  the  trainee  qualified  to  fire  real 
missiles.  Sixty-two  qualified  first  time  and  seven  more  did  so  after  further 
training.  On  the  missile  firing  range  performance  was  assessed  by  an  instructor 
standing  beside  the  trainee  as  he  fired.  Rating  was  made  on  a  ten  point  scale 
taking  into  account  such  factors  as  accuracy  and  degree  of  control.  The  instructor 
had  no  knowledge  of  the  CNV  data.  Six  trainees  failed  to  fire  for  a  variety  of 
reasons  and  will  not  be  considered  further. 

RESULTS 

CNV  amplitude  wan  based  on  a  mean  value  for  the  200  ms  preceding  the  imperative 
stimulus  (Sp)  averaged  over  the  2k  trials  of  the  acquisition  phase.  Average  CNV 
amplitude  for  the  total  group  of  69  trainees  who  qualified  was  -23. 8  jjv.  The 
distribution  of  CNV  amplitudes  was  approximately  normal. 

The  subgroup  of  6  trainees  who  failed  to  qualify  initially  on  the  si.v.ator  (ie 
excluding  one  case  of  failure  due  to  illness)  showed  significantly  CNV 

amplitudes  (t  ■  2.7,  If  »  68,  p  <  .01)  and  lower  performance  scores  in  the  live 
firing  situation  than  the  main  group  of  52  who  qualified  first  time  as  shown  In 
Table  1. 


TABLE  1 

CNV  Amplitude 

FJ.ring 

Accuracy  Score 

Number 

Ms.  n 

SD 

Mssn 

SD 

Initia  1 

Non-q  uali Tiers 

6 

15.5 

7.7 

5.5 

2.6 

Initial 

qualifiers 

62 

2'l.5 

8.2 

7.2 

1.7 

Figure  t  shows  a  monotonic  relationship  between  CNV  amplitude  and  firing  performance 
for  the  alx  initial  non-qua 1 i f i ere  and  the  relationship  for  the  whole  group  of 
trainees,  including  the  six  initial  non-qualifiers.  Poorer  performers  tend  to 
have  either  a  high  or  low  CNV  amplitude. 

DISCUSSION 

The  mean  CNV  amplitude  of  the  main  group  of  62  subjects  was  higher  than  most  previous 
studies  (see  Tecce  ,  1972).  Reasons  for  this  are  not  obvious  as  the  experimental 
paradigm  used  was  a  "standard"  CNV  one,  employed  on  many  previous  occasions.  The 
subjects  differed  from  other  normal  groups  only  in  tnat  they  were  soldiers,  above 
average  in  physical  fitness  with  a  high  level  of  enthusiasm  in  the  laboratory 
situation. 

The  lower  CNV  amplitudes  of  the  sub-group  who  failed  to  qualify  initially  on  the 
simulator  and  the  relatiftnahip  of  these  to  firing  performance  were  consistent  with 
the  initial  hypothesis,  although  the  finding  that  some  individuals  with  very  large 
CNVa  also  performed  poorly  was  cont. ary  to  prediction.  The  relationship  between 
CNV  amplitude  and  performance  appears  to  be  complex.  Whether  it  is  best  expressed 
by  nn  inverted  U  curve  remain:  to  be  substantiated  by  further  experimentation. 

Although  rejection  of  soldiers  with  CNV'a  at  the  extremes  of  the  range  might 
eliminate  most  of  the  worst  performer**,  (at  the  expense  of  twice  as  many  adequate 
ones), a  more  economical  strategy  might  be  to  reject  those  who  failed  to  qualify 
quickly  on  the  simulator. 
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SUMMARY 

Data  are  presented  which  suggests  that  degree  of 
hemispheric  alpha  asymmetry  (for  task*  hypothesized  to  induce 
such  asymmetries)  is  related  to  resting  eyes  closed  en¬ 
dogenous  alpha  activity.  Also,  it  Is  demonstrated  that 
frontal  theta  activity  varies  with  difficulty  level  of  an 
addition  task.  Both  results  share  a  common  emphasis  cn 
eleckrcphyslological  individual  differences. 

KEG  recordings  from  54  right-handed  subjects 
(P3,P4,P3,r4  referenced  to  linked  ears)  performing  5  cogni¬ 
tive  tasks  were  collected  and  quantified  using  period 
analysis.  The  subjects  were  rank  ordered  on  the  basis  of 
their  hemlspherically  averaged  (P3hP4/2)  alpha  activity 
during  an  Eyes  Closed  (lights  off)  baseline  condition. 
Subjects  comprising  the  top,  middle  and  lowur  thirds  of  this 
ranking  were  ascribed  the  status  of  HIGH,  KIDDLE  or  LOW  alpha 
generators.  A  similar  procedure  was  performed  for  frontal 
theta  to  distinguish  theta  generators.  Before  the  experiment 
the  tasks  were  ordered  a  priori  for  their  hypothesized  hemis¬ 
pheric  involvement.  The  tasks,  ordered  from  right  to  left 
hemisphere  Involvement,  were!  1)  FOCUSING,  2)  STRUCTURED 
TOHietNG,  ’>)  COUNT INC  ARTICLES,  4)  COUNTING  NOUNS,  and  5) 

'  MUOUo  AUDITION.  Thu  addition  contained  trlalB  with 
. ng  levels  of  difficulty.  All  tasks  were  performed  with 
iv“.  closed  and  lights  off. 

Utilizing  a  L-R/L+h  asymmv>ry  index  the  results 
Indicate  that  HIGH  and  MIDDLE  alpha  generate! a  displayed  the 
hypothesized  asymmetry  relationship  (it.  increasing  right 
hemisphere  alpha  activity  fnr  the  a  priori  ordered  harks) 
whereas  che  LOW  alpha  generators  did  not.  This  implies  that 
low  alpha  generating  subjects  may  negatively  aftwct  EEG 
laterality  studies.  ResultB  from  the  addition  task  indicate 
that  hemlspherically  averaged  (F3+F4/2)  theta  activity  varies 
curvel inearly  as  a  function  of  increasing  task  difficulty 
(ie.  theta  increases  and  then  decreases  as  difficulty 
Increases).  Subjects  displaying  higher  performance  scores  on 
the  addition  task  also  demonstrate  higher  frontal  theta 
values,  suggesting  theta  is  associated  with  sustained  focused 
attention  or  higher  order  cognitive  processes  (or  both). 


INTRODUCTION 


This  study  addresses  twe  research  issues.  The  first  investigates  che 
effect,  on  EEG,  of  tasks  chosen  to  di f f a rent  is J 1 y  engage  the  cerebral 
hemispheres.  The  second  concentrates  on  an  hypothesized  relationship  between 
fiontal  theta  activity  a:  1  sustained  focused  attention.  Both  issues  share  a 
common  emphasis  on  electrophyslological  individual  differences.  Not  to  be 
confused  with  the  psychophysiology  of  individual  differences  (see  9),  this  study 
demonstrates  the  need  to  pay  greater  attention  ;o  electrophysiological 
differences  among  individuals,  and  the  degree  co  which  the  e  differences  influ¬ 
ence  resulcs  in  EEG  research. 


Hemispheric  Asymmecrles ! 

The  theoretical  basis  for  laterality  research  has  its  origin  in  research 
from  a  n'mber  of  disciplines:  anatomical  studies  (e.g.,  16,  39),  commie  jrotomy, 
heal sphe rectomy  and  lesror  studies  (e.«-.,  1  4  ,  27  ,  40,  4rl  and  br’a'/ioural 
studios  (e.g.,  ?,  42/.  '.fforts  to  investigate  laterality  using  EEG,  however, 
has  yielded  many  inconsistent  and  conflicting  results.  For  example,  when 
measuring  EEG  laterality  during  task  performance  some  studies  have  found  thne 
females  are  mote  lateral: -yd  than  males  (e.g.,  4,  7,  21.  31),  others  that  males 
are  mote  lateralized  the.,  females  (e.g.,  2  ,  35  ,  36  ,  4  4  ),  and  still  other  have 
found  no  sex  di'fererces  at  all  te.g.,  12,  20,  22,  30).  The  issue  of  wnether 


EEG  Is  sensitive  and  robust  enough  to  reflsct  asymmetrical  cognitive  processes 
is  highlighted  by  well  a  known  controversy.  In  1979,  Gavins  and  hit  colleague; 
published  a  series  of  papers  asserting  that  EEG  hemispheric  asymmetries  during 
cognitive  tasks  (specifically  chosen  to  induce  such  asymmetries)  were  due  to 
efferent  activity,  stimulus  characteristics  and  performance  related  factors, 
rath#’’  than  to  cognitive  differences  among  the  tasks  (17,  18,  19).  Their 
results  challenged  a  cognitive  interpretation  of  hemispheric  EEG  asymmetry 
supported  by  the  research  of  Galln,  Ornstein  and  their  colleagues  (6,  10,  11, 
12,  13,  33,  34),  Among  the  many  factors  used  to  explain  the  conflict  include! 
electrode  montage,  type  of  quantification  procedure,  statistics,  methodology  and 
task  type.  One  factor  which  hat  not  been  addressed,  however,  is  the  effect  due 
to  elec trophy Biological  individual  differences. 

The  present  study  was  prompted  by  the  results  of  a  pilot  study  in  which 
the  authors  found  that  if  the  subjects  were  divided  ( post  hoc)  into  high  and  low 
alpha  generators,  high  alpha  generators  showed  tne  hypothesised  asymmetries 
during  task  performance  whereat  low  alpha  generators  did  not.  The  groups  did 
not  differ  on  task  performance  scores,  nor  did  they  differ  demographically .  It 
was  also  demonstrated  that  tasks  could  be  ordered  a  priori  with  respect  to  the 
amount  of  asymmetry  each  task  was  expected  to  produce.  However,  becauae  the 
pilot  study  sufftrsd  from  too  few  subjects  (N-13)  and  too  many  tasks  (seven), 
an  attempt  to  replicate  these  important  findings  seemed  necessary. 

Theta  Activity  and  Attention! 

in  an  excellent  review  of  theta  and  psychological  phenomena,  Schacter  (39) 
isolated  two  "grossly  different"  psychological  processes  associated  with  theta 
activity!  1)  active  and  efficient  information  processing  during  problem  solving 
due  to  the  selective  and  intensive  components  of  attention  (e.g.,  1,  6,  24),  and 
2)  apparently  the  opposite,  theta  associated  with  sleep  onset  (hypnogogic)  and 
low  level  of  prs-atimulus  alertness  (e.g.,  26,  32).  The  latter  is  a  common 
phenomenon  and  is  used  as  a  criterion  to  define  stag#  1  sleep  (37).  The  former 
Is  less  well  established  but  frontal  midline  theta  has  received  attention  from 
researchers  in  Japan.  Iahihara  and  yothii  (24)  reported  frontal  midline  theta 
activity  during  continuous  arithmetic  addition  and  performance  on  an 
intelligence  test.  In  a  straightforward  and  convincing  study,  nizuki,  Tanaka, 
Isozakl,  Nishijima  and  Inanaga  (29)  demonstrated  that  19  out  of  30  subjects 
exhibited  prominent  frontal  midline  theta  activity  during  continuous  arithmetic 
addition.  Hizuki,  Takii,  Nishijima  and  Inanaga  (28)  demonstrated  a  relationship 
between  theta  and  focused  attention  in  a  memory  task.  The  results  from  these 
studies  along  with  Schactsr's  review  suggest  that  theta  activity,  especially  at 
frontal  sites,  is  associated  with  sustained  focused  attention. 

The  present  experiment  manipulated  difficulty  level  among  trlaiB  of  a 
continuous  addition  task  to  investigate  the  relationship  between  frontal  theta 
activity  and  suatained  focused  attention.  It  was  hypothesized  that  as 
difficulty  level  Increases  theta  would  Increase  due  to  the  heightened 
attentlonal  demands  of  the  task.  As  the  task  becomes  too  difficult,  and  thus 
focused  attention  lapses,  theta  should  decrease  (overall,  an  Inverted  U  shaped 
function).  Prompter!  Dy  the  alpha  results  of  our  pilot  study  (mentioned  above), 
the  possibility  that  endogenous  levels  of  theta  could  Influence  the  results  was 
also  investigated. 


METHOD 


Subjects ; 


Seventy  subjects  were  tested;  however,  due  to  equipment  malfunction,  "fj 
data  for  16  subjects  were  omitted.  Of  the  remaining  54  subjects,  21  were  ma  es 
with  a  mean  age  of  22.8  yrs,  and  33  were  females  with  a  mean  age  of  23.6  ytr. 
The  subjects  were  either  paid  volunteers  or  introductory  1  sychology  students 
given  course  credit  for  participation.  All  subjects  were  functionally  and 
famllially  right-handed,  as  determined  by  questionnaire.  One  subject's  data 
wars  deleted  from  the  study  because  she  fell  asleep  during  the  FOCUSING  task. 

Apparatus ; 

Four  electrodes,  P3,  P4,  F3  and  F4  referenced  to  linked  aars,  were  secured 
using  Grass  EC2  electrode  paste  and  headbands.  Bipolar  EOG  and  ground  were 
secured  using  tape.  The  EEG  and  EOG  were  amplified  using  Grass  EEG  pre¬ 
amplifiers  (Model  P511J)  with  60  Hz  notch  filters,  and  was  simultaneously 
recorded  on  a  Beckman  type  Rm  dynograph  and  an  8  track  Vetter  Model  A  FM  tape 
recorder  running  at  3  3/4  ips  with  flutter  compensator.  A  real  time  clock 
activated  by  the  experimenter  while  the  subjects  performed  the  tasks  generated 


an  electrical  signal  lasting  10  seconds.  Thaaa  signals  were  recorded  on  tha  6 
track  tapa  and  demarcated  eingle  or  successive  10  second  EEC  'epochs'. 
Electrophyaiological  data  reduction  was  performed  using  a  dual  channel  band  pass 
filter  (A.p,  Circuit  Corp.  34  db/octave  rolloff  for  each  channel)  and  a  DEC  LSI 
11/23  micro-computer  with  A/D  converters,  real  time  clock  and  mass  storage 
(floppy  and  hard  discs).  The  EEC  amplifiers  and  the  dual  channel  filter  were 
counterbalanced  across  hemispheres  for  the  frontal  and  parietal  sites.  All 
stimuli  for  the  experiment  were  pre-recorded  on  audio  tape. 


Tasks 

The  FOCUSING  and  COUNTING  ARTICLES  tasks  were  chosen  because  they  exhi¬ 
bited  the  largest  alpha  asymmetries  in  the  pilot  study.  A  second  version  of 
each  task  was  created  to  induce  greater  left  hemisphere  activation. 

FOCUSING,  a  meditative  type  task,  was  designed  to  require  very  little 
verbal-analytic-serial  processing.  It  was  intended  to  elicit  a  spatial-holistic 
experience.  The  structure  of  the  task,  in  comparison  to  the  counting  tasks, 
contained  fewer  well  defined  task  objectives  and  did  not  include  requirements 
for  serially  placed  responses.  While  minimally  changing  tho  spatial-holistic 
characteristics  of  the  task,  the  second  version  of  the  FOCUSING  task  (i.e. 
STRUCTURED  FOCUSING)  included  serially  placed  responses  as  well  as  a  greater 
number  of  well  defined  task  objectives.  It  was  expected  that  the  added 
structure  would  engender  greater  left  hemisphere  activation  (relative  to  the 
FOCUSING  task). 

The  COUNTING  ARTICLES  task  involved  counting  the  number  of  'a's  and  'the'8 
in  aurally  presented  text.  During  the  pilot  study  it  was  suspected  that  the 
subjects  may  have  adopted  an  auditory  matching  strategy  for  word  detection 
instead  of  cognitive  recognition.  To  control  for  this  a  second  version  of  the 
task  (i.e.  COUNTING  PROPER  NOUNS)  was  included  requiring  the  detection  of  proper 
nouns.  A  semantic  evaluation  is  needed  to  identity  proper  nouns;  simple 
auditory  matching  cannot  be  used.  It  was  expected  that  the  added  verbal 
component  would  require  greater  left  hemisphere  activation  (relative  to  the 
COUNTING  ARTICLES  task). 

Although  two  versions  of  the  ADDITION  task  were  used,  both  versions  were 
identical.  The  two  versions  simplified  counterbalancing  task  presentations 
across  subjects. 

A  more  detailed  description  of  the  tasks  follow.  Note  the  order  of  the 
tasks  reflect  the  (a  priori )  hypothesized  right  to  left  hemisphere  influence  of 
the  tasks. 

FOCUSING:  Recorded  instructions  were  given  which  attempted  to  elicit  a 

self-directed  internal  focusing  of  attention  designed  to  heighten  bodily 
awareness  (the  instructions  fo:  this  task  were  derived  from  Gendlin  (15). 
Part  of  the  Instructions  asked  the  subject  to  create  a  'handle',  a  word  or 
image,  reflecting  the  present  state  of  their  Internal  bodily  feelings  (see 
appendix  A  for  a  transcript  of  the  instructions).  EEG  was  recorded  in 
five  45  sec  blocks  (a  total  of  3.75  min)  between  which  Instructions  were 
given  to  increase  subject  motivation  and  elucidation  of  the  experience. 
At  the  end  of  the  task  the  subject  was  asked  to  report  their  'handle'  and 
give  a  brief  summary  of  their  experience  of  the  task. 

STRUCTURED  FOCUSING:  Recorded  instructions  were  given  which  attempted  to  elicit 
an  internal  focusing  of  attention  to  specific  body  parts.  For  each  of  the 
five  45  sec  blocks  the  subject  was  requestsd  to  mentally  focus  on  a 

particular  (predetermined.1  part  of  the  body.  At  the  end  of  each  45  sec 
block  the  subject  was  asked  to  rate  on  a  scale  from  1  to  5  where  1  is  'not 
successful'  and  5  is  'very  successful'  his  ability  to  tocus  on  that  body 
part.  As  with  the  FOCUSING  task  a  total  of  3.75  min  of  EEG  was  recorded 

during  five  45  sec  blocks.  Although  similar  to  the  FOCUSING  task  from  a 
visual,  spatial  and  holistic  perspective,  this  task  was  designed  tc 

incorporate  a  sequentially  ordered  and  less  ambiguous  set  of  instructions 
requesting  temporally  spaced  responses  (see  appendix  A). 

COUNTING  ARTICLES:  A  task  similar  to  that  described  by  Koore  (30)  was  used  in 

which  a  pre-recorded  2  minute  nonfiction,  simple,  historical  passage  was 

played  over  ehe  speaker.  The  subject  was  instructed  to  mentally  count  the 
total  number  of  'a’s  and  'the's  (taken  together)  uttered  in  the  passage. 
This  was  repeat ,d  for  a  second  2  min  passage.  EEG  was  recorded  during 
both  2  min  passages. 

COUNTING  PROPER  NOUNS:  Also  using  pre-recorded  nonfiction,  sinple,  historical 
passages,  the  subject  was  instructed  to  mentally  count  to  total  number  u* 
proper  nouns  uttered  in  the  passage.  The  task  was  simplified  by 
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instructing  the  subject  tc  t-eat  proper  nouns  such  as  'Jacques  Cartier'  or 
'United  States  of  America'  a  1  instead  of  2  or  3  respectively.  As  in  the 
COUNTING  ARTICLES  task  BEG  was  recorded  during  both  2  min  passages.  It 
was  anticipated  that  recognizing  and  counting  proper  nouns  would  require 
more  verbal-analytic  cognitive  processing  than  COUNTING  ARTICLES  where  an 
aural  pattern  matching  strategy  could  be  used. 

ADDITION:  The  subject)  with  eyes  closed  vau  asked  to  mentally  add  numbers 

presented  aurally  for  10  sec.  Eight  numbers  were  presented  per  trial,  1 
number  every  1.24  sec,  for  a  total  of  24  trials.  For  eauh  trial, 
difficulty  level  was  manipulated  by  controlling  the  magnitude  of  the 
numbers  to  be  added.  For  each  trial,  numbers  from  one  of  six  difficulty 
levels  were  presented.  They  are: 


EASY 

Level 

1: 

1,  2 

Ltvsl 

2: 

2,  3,  4,  5,  6 

Level 

3: 

4,  5,  6,  7,  8 

Level 

4t 

6,  7,  8,  9,  12 

Level 

5: 

8,  9,  12,  13,  14 

difficult 

Level 

6: 

12,  13,  14,  15,  16 

Each  trial  involved  a  random  presentation  (with  replacement)  of  the  set  of 
numbers  at  a  single  difficulty  level.  Presentation  order  of  the  trials 
with  respect  to  difficulty  level  waz  pseudo-random:  that  la,  level  of 
difficulty  was  chosen  randomly  (without  replacement)  within  blocks  of  6 
trials.  Hence,  with  24  triala  each  of  the  6  difficulty  levels  was 
presented  4  times.  At  the  end  of  each  trial  the  subject  waa  usked  for  the 
following  information: 

1.  the  total 

2.  a  subjective  estimate  of  confidence  concerning  the  correct¬ 
ness  of  their  total,  on  a  scale  from  1  to  6  where  1  is  'very 
sure'  and  6  is  'not  sure' 

3.  a  subjective  estimate  of  the  level  of  difficulty,  on  a  scale 
from  1  to  6  where  1  is  'easy'  and  6  it  'difficult'. 

EEG  was  recorded  only  during  the  10  second  period  for  each  trial  the 
subject  was  counting,  not  during  the  subject's  response. 


Procedure : 

Each  subject  was  seated  in  an  electrically  shielded  anecholc  chamber  with 
his  head  positioned  in  a  chin-rest/head-restraint  device  to  reduce  involuntary 
head  movements.  Instructions  and  tasks  were  presented  through  a  speaker  situated 
1  meter  in  front  of  the  subject.  Four  EEG  baselines  were  recorded  before  the 
taaka:  5  ten  second  epochs  oach  for  resting  with  eyes  open  lights  on,  eyes  open 
lights  off,  eyes  closed  lights  on  and  eyes  closed  lights  off.  During  the 
experiment  all  tasks  were  performed  in  darkness,  with  the  eyes  closed. 

The  tasks  were  presented  in  counterbalanced  order  with  the  provision  that 
no  task's  two  versions  were  presented  successively.  The  experimental  session 
lasted  approximately  40  minutes. 

ESC  Analysis: 

Before  the  recorded  EEG  was  computer  quantified,  the  signal  was  bandpass 
filtered.  BEG  from  the  parietal  leads  wane  bandpass  filtered  from  .5  to  60  Hz 
and  the  frontal  leade  from  4  to  60  Hz  (to  reduce  the  effect  of  eye  movements). 
The  event  signal  recorded  on  the  FM  tape  by  the  experimenters  during  the 
experiment  demarcated  10  sec  epochs  for  EEG  period  analysis.  From  the  polygraph 
tracings,  any  10  second  epoch  of  EEG  which  showed  clear  movement  artifact  was 
deleted  from  further  analysis.  The  filtered  EEG  waa  A/D  converted  at  1000 
camples  per  see.  Period  analysis  was  performed  on  the  digitized  data  producing 
3  measures  for  each  of  5  EEG  bandwidths  (delta  .5-4  Hz,  theta  4-8  Hz,  alpha  8-12 
Hz,  sigma  12-16  Hz  and  beta  16-60  Hz).  The  3  measures  are:  1)  zero-cross,  2) 
first-derivative,  and  3)  power.  Briefly,  a  zero-cross  analysis  checks  for  a 
change  in  the  sign  of  the  voltage  passing  through  zero.  A  measurement  of  the 
elapsed  time  between  two  zero-cross > ng  events  yields  an  estimate  of  the  wave's 
frequency.  First-derivative  analysis  checks  for  ne  laUve  inflections  in  the  EEG 
voltage:  that  is,  a  change  from  a  deceasing  voltage  to  an  increasing  one.  The 
time  between  two  such  events  provides  an  estimate  of  faster  frequencies 
superimposed  on  the  main  waveform.  A  7  uV  threshold  criteria  was  adopted  for 
the  first-derivative  measure  in  c"de:  to  eliminate  very  low  amplitude  high 
frequency  activity  which  la  often  a  consequence  of  equipment  noise.  The  power 
measure  is  calculated  by  cumulatively  adding  the  absolute  voltage  values  between 
zero-cross  events.  For  a  more  complete  description  of  this  period  analysis  see 


Hoffmann  et  al.  (23).  finally,  for  each  frequency  bandwidth  and  period  analynis 
measure,  an  asymmetry  index  was  calculated - ( Lef t-nlght/Lef t+Right )  x  100. 
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RESULTS 


Less  than  It  of  the  EEG  was  deleted  due  to  artifact. 

Alpha  zero-cross  values  (i.e.  percent  alpha)  at  the  parietal  sites  of  each 
hemisphere  during  the  eyes  closed  (dark)  baseline  condition  were  summed  and 
averaged  producing  a  mean  parietal  alpha  measure  for  each  subject.  The  subjects 
were  rank  ordered  from  highest  to  lowest  on  this  measure  and  were  divided  evenly 
into  high,  middle  and  low  alpha  generators,  18  subjects  per  group.  The  subject 
who  was  deleted  from  the  experiment  for  falling  asleep  was  a  high  alpha 
generator,  hence  that  group  contained  17  subjects .  when  alpha  power  was  used 
create  the  groups,  all  but  4  subjects  were  in  the  same  groups  and  these  subjects 
were  borderline  between  low  and  middle,  and  middle  and  high.  Table  1  displays 
the  distribution  of  sex  and  mean  age  for  each  alpha  group.  A  similar  post  hoc 
procedure  was  used  with  theta  zero-cross  values  to  produce  high,  middle  arid  low 
theta  generators  (see  table  2).  The  two  factors  (i.e.,  alpha  and  theta  gener¬ 
ators)  were  treated  independently  for  hypothesis  testing  because  the  same  sub¬ 
jects  made  up  both  conditions.  Table  3  illustrates  the  distribution  of  subjects 
on  both  factors.  Notice  that  similar  high,  middle  or  low  groups  in  each  factor 
share  few  subjects.  Separate  ANOVAs  were  performed  on  the  ages  of  the  alpha  and 
theta  groups.  Thera  was  no  significant  difference  among  the  mean  ages  for  the 
alpha  groups.  A  significant  difference  was  found,  however,  among  the  theta 
groups  (F-3.92,  df-2,50,  p  < . 0 2 6 ) .  High  theta  generators  were  younger  than  low 
theta  generators. 

The  average  alpha  zero-cross  values  for  Eyes  Closed  baseline  (dark), 
Focusing  (both  versions),  Counting  (both  versions)  and  Addition  (all  levels)  are 
shown  in  figure  1.  Using  repeated  measures  ANOVA  with  tests  for  trends  (i.e. 
orthogonal  polynomial  contrasts)  there  is  a  significant  decreasing  linear  trend 
in  alpha  from  the  baseline  condition  to  the  Addition  task  (F-47.95,  df-1,50,  p 
<•0000).  There  was  also  a  significant  Interaction  between  task  and  alpha 
generators  (r-5.06,  df-6,150,  p  <.0001)  showing  the  expected  pattern:  low  alpha 
generators  show  no  decreasing  trends,  middle  alpha  generators  show  a  marked 
decreasing  trend  and  high  alpha  generators  show  a  prominent  decreasing  trend. 

A  3  between  (alpha  groups)  by  2  within  (Focusing  vs  Counting)  by  2  within 
(version  1  and  version  2)  mixed  design  ANOVA  was  performed  on  the  alpha 
asymmetry  index  (zero-cross)  at  the  parietal  location.  A  main  effect  for  task 
(F-13.46,  df-1,50,  p  <.0006)  and  more  importantly  a  significant  interaction 
between  type  of  task  and  type  of  alpha  generator  (F-3.83,  df-2,50,  p  <.028)  was 
found.  The  Interaction  is  shown  in  figure  2  and  supports  the  hypothesis  that 
Focusing  and  Counting  show  relative  hemispheric  differences  in  alpha  production 
only  for  alpha  generators.  To  test  whether  the  tasks  were  correctly  ordered  a_ 
priori  for  their  presumed  ability  to  induce  left  of  right  hemisphere  activation 
a  jTBetween  (alpha  groups)  by  4  within  (FOCUSING,  STRUCTURED  FOCUSING,  COUNTING 
ARTICLES,  COUNTING  PROPER  NOUNS)  ANOVA  was  performed  with  tests  for  polynomial 
trends.  There  was  a  significant  linear  interaction  between  alpha  generators  and 
the  taBks  (r-7.48,  df-2,50,  p  <.0014)  for  the  alpha  zero-cross  asymmetry  index. 
A  similar  interaction  was  found  with  alpha  power  (F-3,25,  df-2,50,  p  <.047). 
The  Interactions  are  shown  in  figure  3  and  4.  This  effect  is  specific  to  the 
parietal  site;  similar  analyses  performed  at  the  frontal  site  showed  no 
significant  results.  Separate  trend  analyses  for  each  alpha  group  on  the  same 
tasks  showed  a  significant  linear  trend  for  high  alpha  generators  (F-8.78, 
df-1,16,  p  <.0092),  a  significant  linear  trend  for  middle  alpha  generators 
(F-11.76,  df-1,17,  p  <.0032)  and  non-s i gni f i cant  trends  for  low  alpha 
generators.  There  were  no  significant  trends  or  interactions  for  the  other  EEG 
frequencies. 

There  were  no  significant  main  effects  or  interactions  with  alpha 
generators  tor  the  alpha  power  or  alpha  zero-cross  asymmetry  indices  over  the  6 
difficulty  levels  in  the  ADDITION  task,  either  at  the  parietal  or  frontal 
positions.  To  compare  the  amount  of  asymmetry  induced  by  the  Addition  task 
(with  respect  *-0  Focusing  and  Counting),  a  mean  alpha  zero-cross  asymmetry  index 
was  calculated  for  each  subject  (collapsed  across  difficulty  levels).  The 
results  are  shown  in  figurs  5.  The  Addition  task  produces  an  alpha  asymmetry 
value  more  similac  to  Counting  than  to  Focusing,  as  expected.  However,  there 
was  no  significant  interaction  between  task  and  alpha  groups,  only  a  (linear) 
main  effect  for  the  tasks  (r-24.1,  df-1,50,  p  <.0000).  As  can  be  seen  from 
figure  5  the  Inconsistent  (compared  to  Focusing  and  Counting)  asymmetry  result 
in  the  Addition  task  for  low  alpha  generators  essentially  eliminated  any 
interaction.  Within  the  Addition  task  asymmetrical  alpha  activity  did  r.ot  vary 
as  a  function  of  difficulty  level  for  any  of  the  alpha  groups. 


ALPHA 

GENERATORS 


TABLE  1. 


THETA 

GENERATORS 


TABLE  2. 


ALPHA 

GENERATORS 


HIGH 

MIDDLE 


LOW 


SEX  AGE 


MALES  •  8 
FEMALES  -  S 

23.2  yrs 

MALES  -  7 
FEMALES  -  11 

22.7  yrs. 

MALES  >  6 
FEMALES  •  12 

23.9  yrs. 

Distribution  of  son  and  maan  ago  across  the  alpha  groups. 


HIGH 

MIDDLE 

LOW 


SEX  AGE 


MALES  -  8 
FEMALES  -  9 

20.53  yrs. 

MALES  >  7 
FEMALES  -  1 1 

22.72  yrs. 

MALES  -  7 
FEMALES  -  11 

26.39  yrs. 

Distribution  of  sex  and  mean  age  across  the  theta  groups. 


THETA  GENERATORS 


HIGH 

MIDDLE 

LOW 

HIGH 

2 

7 

8 

MIDDLE 

9 

2 

7 

LOW 

6 

9 

3 

TABLE  3. 


Distribution  of  subjects  on  both  factors. 
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Flgura  4:  Alpha  asymmatry  indax  (powar  parlatal)  for  the  hemlephtrically  ordered 
laikt  for  each  fypa  of  alpha  ganarator. 

POI  -  Foouslng;  F02  -  Structured  Focusing; 

CN1  -  Counting  Art  Ides;  CN2  »  Counting  Propar  Nouns 


FOCUSING  COUNTING  ROOITION 

Tasks 


Figure  S:  Alpha  asymmetry  Indnx  (zero-cross  parlataf)  for  the  means  of  both  versions 
of  the  Focusing  and  Counting  tasks  and  the  mean  of  alt  levels  of  the 
Addition  task  for  each  typa  of  alpha  generator. 


ciilmeied  Dill  levity  level 


Ernmvtd  Oiflici/lty  Level 


f  ilimeled  OillituHy  level 


t ii Untied  Difficulty  level 


ii  »  <  •  « 

Ewmeted  Drflieuiiy  level 


rifure  *:  fVcent  frequency  ftrstograms  of  suojective  difficulty  w*lh  actual  difficulty  level  lo»  Artmnon  ta»k 


Zaro-cros* 

Frontal 


Figure  10: 


Theta 
Po  mar 
Fronto 


Figure  t 


Difficulty  Leuel  (Addition  Task) 


Hemlepherlcally  averaged  that*  (zero-croa»  frontal)  for  the  three  percent 
correct  groups  at  each  difficulty  level  of  tha  Addition  talk. 


t  2  S  4  S  6 

Difficulty  teuel  (Addition  Task) 


I:  Hemiepherlcally  averaoed  theta  (power  frontal)  for  the  three  percent 
correct  groupa  at  each  difficulty  level  of  the  Addition  leak. 
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Two  analyst*  avaluatsd  whsther  th*  ADDITION  task  indeed  varied  with 
difficulty  level.  First,  the  subjective  responses  of  difficulty  level  for  each 
trial  with  respect  to  the  actual  difficulty  level  were  graphed  and  are  shown  in 
figure  6.  It  demonstrates  that  as  actual  difficulty  level  increased  the 
subjects'  estiaate  of  difficulty  also  increased,  with  a  correlation  of  r».7S5. 
Second,  the  subjects'  addition  answers  for  each  trial  were  divided  by  the 
correct  answer  end  multiplied  by  100  to  produce  a  percent-correct  estimate  for 
each  level  of  difficulty.  As  can  be  seen  in  figure  7  there  is  a  clear 
decreasing  trend  from  the  easiest  level  to  th*  most  difficult  (significant  with 
r-73.34,  df-1,50,  p  <.0000),  demonstrating  that  as  difficulty  increased  the 
subjects’  percent  correct  scores  decreased. 

To  test  whether  theta  is  related  to  difficulty  level  by  an  inverted  U 
shaped  function,  theta  zero-cross  and  theta  power  were  averaged  across 
hemispheres  for  each  subject  at  each  level  of  the  Addition  task.  In  figures  8 
and  9  the  results  for  each  measure  are  plotted.  There  were  significant  linear 
main  effects  for  difficulty  level;  that  is,  as  difficulty  increased  theta 
increased.  More  importantly,  however,  there  were  also  quadratic  main  effects 
both  for  theta  zero-cross  (F-4.57,  df-1,50,  p  < .037)  and  theta  power  (F-4.96, 
df-1,50,  p  < .  0  3 1 ) .  There  were  no  significant  differences  among  alpha  or  theta 
generators . 

Although  figures  8  and  9  are  not  inverted  U  shaped,  they  are  curved.  The 
results  .may  have  been  influenced  by  individual  differences  in  abilities  to 
perform  the  Addition  task.  The  subjeots  were  rank  ordered  on  th*  basis  of  their 
overall  performance  scores  (i.a.,  percent-correct  measure).  Tf .j  top,  middle  and 
bottom  thirds  were  divided  into  3  groups:  high-correct,  middle-correct  and 
low-correct  performers.  ANOVAs  (3  groups  x  6  levels  of  difficulty)  yielded  a 
significant  linear  intoraction  for  theta  power  (F-3.55,  df-2,50,  p  <.036)  and  a 
significant  quadratic  interaction  for  theta  zero-cross  (F-4.18,  df-2,50,  p 
<.021).  High  and  middle-correct  performers  maintain  a  higher  level  of  theta 
activity  than  do  low-correct  performers  (see  figures  10  and  11). 

These  theta  results  were  specific  to  the  frontal  site.  Also,  no 
hemispheric  differences  were  detected. 


DISCUSSION 


It  is  well  known  that  individuals  differ  with  respect  to  the  amount  of 
alpha  activity  they  produce.  However,  th*  effect  of  this  individual  difference 
has  net  been  investigated  in  asymmetry  research.  Low  alpha  generators  did  not 
exhibit  EEO  asymmetries  for  tasks  designed  to  induce  such  asymmetries  whereas 
middle  and  high  alpha  generator  did.  Th*  results  suggest  that  past  conflicts  in 
th*  literature  concerning  EE<3  and  asymmetry  may  be  due  partly  to  individual 
differences  in  ECG.  For  instance,  studies  demonstrating  hemispheric  asymmetries 
may  nave  had  subjects  who  were  predominantly  alpha  generators.  Ornstein, 
Herron,  Johnstone  and  Swencionis  (34)  chose  subjects  on  their  ability  to  display 
alpha  asymmetry  during  a  screening  session.  (Subjects  displaying  "negligible  or 
reversed  specialization  (p.399)"  were  excluded.  It  is  likely  that  subjects 
passing  this  test  war*  high  alpha  generators.  On  the  other  hand,  studies 
finding  no  hemispheric  EEG  differences  may  have  had  a  sample  of  low  alpha 
generators.  Our  pilot  study,  mentioned  earlier,  yieldrd  non-significant 
asymmetry  results  when  the  data  from  both  high  and  low  alpha  generators  were 
taken  together  (N-13).  When  the  two  groups  were  separated  a  significant 
Interaction  was  obtained. 

It  may  be  argued  that  th*  observed  asymmetries  were  due  to  task  difficulty 
and  not  hemispheric  processing.  Indeed  figure  1  shows  decreasing  levels  of 
alpha  activity  across  the  tasks,  a  result  often  seen  for  tasks  of  increasing 
difficulty  (e.g.,  45).  But  in  the  addition  task,  a  task  specifically  designed 
to  vary  difficulty,  asymmetries  in  alpha  activity  were  not  observed,  even  among 
middle  or  high  alpha  generators.  It  could  also  be  argued  that  the  focusing  and 
counting  tasks  contained  different  stimulus  characteristics:  specifically, 
silence  during  focusing,  and  verbally  presented  text  during  counting.  However, 
it  is  difficult  to  imagine  a  mechanism  by  which  th*  physical  presence  or 
absence  of  an  auditory  signal  could  induce  left  hemisphere  activation  without 
also  assuming  asymmetrical  cognitive  processing.  Even  Jutai's  (25)  theory  that 
th*  attentlonal  demands  of  the  right  hemisphere  may  dominate  the  left  during 
" , . . interoception,  sustained  attention,  and  early  (primarily  feature  extraction 
and  identification)  stages  of  Information  processing"  (p.224),  would  predict 
greater  activation  (i.e.,  less  alpha)  in  the  right  hemisphere  during  the 
presence  of  a  stimulus.  Also  the  a  priori  ordering  of  tne  four  tasks  (i.e.  both 
versions  of  Focuning  and  Counting!  3Td  produce  a  linear  relative  change  in 
hemispheric  alpha  activity.  That  is,  adding  more  'left  hemisphere'  qualities  to 
both  tasks  did  produce  an  effect. 
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The  most  Important  result  for  this  part  of  the  study  is  that  hemispheric 
shifts  in  alpha  occur  in  high  and  middle  alpha  subjects  only.  As  such,  it 
suggests  that  the  organization  of  brain  activity  and  its  relation  to  cognition 
could  vary  greatly  in  the  population.  Such  variation  could  be  related  to 
characteristics  such  as  preferred  cognitive  strategy,  personality  variables, 
cognitive  skills,  etc.  Recently  be  Pascalis  and  Silver!  (5)  demonstrated  that 
(alpha)  biofeedback  regulation  of  hemispheric  asymmetry  could  augment  the  amount 
of  alpha  asymmetry  observed  during  cognitive  processing.  This  implies  that 
hemispheric  asymmetries  can  to  some  extent  be  learned.  Furthermore,  Townsend, 
Lubin  and  Naitoh  (43)  have  found  that  by  sinusoidally  modulating  light  at  the 
alpha  frequency,  BEG  alpha  can  be  augmented  and  stabilized.  They  suggested  that 
this  method  may  phase-lock  scalp  recorded  alpha  by  influencing  subcortical  alpha 
generators.  Using  this  technique,  it  may  be  possible  for  low  alpha  generators 
to  produce  larger  amounts  of  alpha.  It  would  then  be  interesting  to  determine 
if  these  individuals  exhibit  the  asymmetries  high  and  middle  generators  show. 
The  issue  is  important  because  it  would  help  determine  whether  low  alpha 
generators  are,  or  are  not,  lateralized. 

The  behavioural  and  subjective  results  from  the  ADDITION  task  demonstrate 
that  level  of  difficulty  was  successfully  manipulated  in  this  study. 
Concomitant  changes  in  theta  activity  as  a  function  of  increasing  difficulty 
level  suggests  a  relationship  between  theta  and  attention.  An  overall  inverted 
U  shaped  relation  was  not  observed  due  to  individual  differences  during  task 
performance.  Subjects  receiving  higher  performance  scores  produce  more  theta 
activity  when  task  difficulty  increases.  Low  performance  subjects  exhibit  a 
peak  in  theta  production  at  medium  levels  of  difficulty  and  then  show  a  decline 
with  greater  difficulty.  It  is  assumed  that  theta  varied  in  these  individuals 
due  to  variable  attention  raquirements,  but  this  Interpretation  is  not 
conclusive.  The  difficulty  continuum  in  the  addition  task  confounded  attention 
with  cognitive  processing.  However,  indirect  evidence  supporting  an  'attention' 
explanation  is  the  significant  difference  in  ages  among  the  theta  groups 
(determined  during  baseline).  Assuming  that  younger  and  more  naive  university 
subjects  experience  greater  anxiety  or  excitement  at  the  beginning  of  an 
experiment  they  may,  as  a  result,  exercise  greater  attention  during  the  baseline 
condition.  Older,  experienced  subjects  may  relax  more  and  therefore  produce 
less  theta.  This  effect  was  limited  to  the  baseline  condition.  During  task 
performance  no  differences  among  (baseline  determined)  theta  generators  were 
observed,  suggesting  that  theta  reflects  relatively  immediate  processes. 

Mizuki  et  al.  (29)  did  not  observe  frontal  midline  theta  activity  in  any 
of  their  subjects  during  baseline  conditions.  Also  they  found  no  performance 
differences  between  subjects  exhibiting  theta  during  the  task  and  subjects  not 
generating  theta.  Their  results  however,  are  likely  due  to  the  visual  EEC 
scoring  technique  they  used,  which  Ignored  Important  background  theta  activity. 

In  summary,  endogenous  levels  of  alpha  activity  effects  the  likelihood  of 
detecting  hemispheric  asymmetries  during  the  performance  of  tasks  presumed  to 
induce  such  asymmetries,  rrom  a  methodological  perspective  this  may  account  for 
some  of  the  conflicting  results  in  the  literature.  Differences  in  frontal  theta 
activity  seem  to  reflect  immediate  changes  in  attention,  although  more  research 
is  necessary  to  conclusively  determine  whether  attention  alone  or  cognitive 
processing  (which  includes  attention)  is  the  primary  correlate. 
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APPENDIX  t\ 


FOCUSING  Task  Instruct  Ion* 


1.  It  the  instructions  tor  this  task  seem  vague,  don't  worry  about  it,  From 
time  to  time  I'll  give  you  further  instructions.  There  will  be  periods 
when  I  won't  be  saying  anything  and  you'll  be  carrying  out  the 
instructions.  Alright...  When  you  are  ready  just  sense  into  your  body  and 
ask  yourself,  "How  am  I  inside  right  now?"  and  don't  answer.  Make  e  space 
for  whatever  comes  up.  Listen  to  your  body.  Don't  put  words  on  it... 

Just  put  all  your  attention  on  what  is  going  on  inside  your  body  and  see 
how  it  is. 

>>>  45  seconds  of  silence  <<< 

2.  Perhaps  you  are  listening  to  several  parts  of  your  body.  Choose  the  main 

one  and  go  with  it.  Focus  all  your  attention  on  that  one  feeling  or 

sensation.  You  don't  do  anything  except  let  it  come  up  and  bn  with  it. 

>>>  45  seconds  of  silence  <<< 

3.  If  this  sensation  changes  or  moves,  let  it  do  that,  whatever  it  does, 
follow  the  feeling  and  pay  attention  to  it. 

>>>  45  seconds  of  silence  <<< 

4.  Now  take  what  is  fresh  or  new  in  the  feel  of  it  now,  and  as  you  feel  it, 

try  to  find  a  word  or  two,  or  a  picture  which  captures  what  your  present 

feeling  is  all  about.  The  word  or  picture  is  a  handle  on  your  experience 

and  doesn't  have  to  make  sense  to  anyone  but  you. 

>>>  45  seconds  of  silence  <<< 

5.  Now  match  the  handle  to  the  feeling  and  see  if  the  work  or  picture  is  just 
right  in  capturing  your  feelings.  Change  the  image  to  match  the  feeling 
till  they  are  a  good  fit. 

>>>  45  seconds  of  silence  <<< 


STRUCTURED  FOCUSING  Instruccions 


1.  Foi  this  task  you'll  be  asked  to  direct  your  attention  Inward,  to  specific 
parts  of  your  body.  At  each  step  I  will  direct  you  to  which  body  part  you 
should  attend.  There  will  beperiods  when  I  won't  be  saying  anything  and 
you'll  be  carrying  out  the  instructions.  At  the  end  of  these  periods  I'll 
ask  how  successful  you  were  in  attending  to  that  body  part.  Try  not  to 
let  your  mind  wander.  Try  to  'experience'  that  body  part.  Remember,  the 
purpose  of  this  task  is  to  focus  on  specific  parts  of  your  body  and  then 
tell  me  how  successful  you  were,  after  I  ask  you.  Alright,,.  Relax  and 
keep  your  eyeB  closed.  Take  a  few  deep  breaths...  When  you  are  ready, 
just  sense  into  your  body  and  locate  both  your  ankles.  Focus  all  of  your 
attention  on  your  ankles.  Ask  yourself  "How  do  they  feel?"  but  don't 
answer.  Just  sense  them. 

>>>  45  seconds  of  silence  <<< 

2.  On  a  scale  from  1  to  5  where  1  is  'not  successful'  and  5  is  'very 
successful',  rate  your  ability  to  focus  on  your  ankles.  (SUBJECT'S 
RESPONSE)...  Now  focuB  all  of  your  attention  on  both  your  knees...  Locate 
one  feeling  or  sensation  in  them  and  go  with  it. 

>>>  45  seconds  of  silence  <<< 

3.  On  a  scale  from  1  to  5  where  1  is  'not  successful'  and  5  is  very 
successful,  rate  your  ability  to  focus  o,i  your  knees.  (SUBJECT'S 
RESPONSE)...  Now  go  from  your  knees  to  your  stomach.  Again  locate  one 
feeling  or  sensation,  if  this  sensation  changes  or  moves,  let  it  do  that. 
Whatever  it  does,  follow  the  feeling  and  pay  attention  to  your  stomach. 

>>>  45  seconds  of  silence  (<< 

4.  On  a  scale  from  1  to  5  where  1  is  'not  successful’  and  5  is  very 
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successful,  rata  your  ability  to  focut  on  your  stomach.  (SUBJECT'S 
REPONSE ) . . .  Nev,  focus  your  attention  on  your  heart.  Take  what  is  fresh 
or  new  In  the  way  your  heart  feels  now,  and  focus  on  it. 

>>>  45  seconds  of  silence  <<< 

5  On  a  scale  from  1  to  5  whc  re  1  Is  'not  successful'  and  5  Is  very 
successful,  rate  your  ability  to  focus  on  your  heart.  (SUBJECT'S 
RESPONSE)...  Frca  your  heart,  switch  your  attention  to  the  inside  of  your 
head.  Try  to  visualise  and  feel  the  inside  of  your  head. 

>>>  45  seconds  of  silence  <<< 

6.  On  a  scale  from  1  to  5  where  1  is  'not  successful'  and  5  is  very 
successful,  rate  your  ability  to  focus  on  your  heart.  (SUBJECT'S 
RESPONSE). 
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SUMMARY 

This  paper  describes  a  methodology  developed  to  measure 
'drowsiness'  electrophyslologically  as  an  index  of  chronic 
fatigue  experienced  during  periods  of  sleep  loss. 

Nine  volunteers  performed  a  continuous  cognitive 
workload  schedule  with  IS  min  breaks  occurring  every  2  hrs 
throughout  a  £4  hr  sleep  deprivation  experiment.  To  measure 
fatigue  a  4  min  ayes  closed  relaxation  period  was  embedded 
once  evury  hour  within  a  battery  of  cognitive  tasks.  The 
subjects  were  instructed  to  relax  with  their  eyes  closed  but 
remain  awake  and  alert.  At  the  end  of  this  4  min  period,  a 
bell  sounded  which  cued  the  subjects  to  open  their  eyes  and 
indicate  their  subjective  level  of  drowsiness.  EEG  signals 
collected  during  these  periods  were  both  visually  scored  and 
computer  quantified.  Two  raters  visually  scored  the  signals 
for:  (1)  time  of  first  stage  1  sleep  onset,  (2)  number  of 
stage  1  sleep  onsets,  (3)  shortest  and  longest  time  in  stage 
1  and  (4)  total  amount  of  stage  1  sleep  (or  deeper).  Period 
analysis  was  performed  on  the  digitized  data  and  a  drowsiness 
scale  was  developed  by  subtracting  the  amount  of  theta  and 
delta  from  alpha  while  controlling  for  individual  differences 
by  dividing  the  result  by  alpha  minus  theta  minus  delta 
activity  present  during  baselines.  Also,  'autoFPTs'  were 
calculated  providing  3-dimenslonal  representations  of  the 
temporal  and  spectral  EEG  characteristics  of  abbreviated 
sleep  onsets. 

The  results  Indicate  that  for  individual  subjects 
drowsiness  onset  latencies,  performance,  subjective  scales 
and  the  drowsiness  index  are  all  lntercorrelated.  Also, 
autoFPTs  provide  striking  visual  examples  of  abbreviated 
sleep  onset.  It  is  suggested  that  these  EEG  techniques,  as 
well  as  the  methodology  of  embedding  eyes  closed  relaxation 
periods,  yield  sensitive  measures  for  detecting  differential 
levels  of  drowsiness  during  sleep  deprivation. 


INTRODUCTION 

Demands  for  around-the-clock  operations  often  necessitate  humans  to 
perform  tasks  requiring  complex  cognitive  skills  and  decision  making  abilities 
while  experiencing  sleep  loss  (e.g.,  monitoring  nuclear  power  plants,  coordina¬ 
ting  naval  ship  operations,  medical  residents  gathering  and  interpreting  diag¬ 
nostic  information).  However,  when  individuals  remain  awake  for  extended 
periods  their  reported  levels  of  fatigue  and  sleepiness  increase  and  their 
performance  degrades  (e.g.,  12,  17,  19).  These  subjective  and  objective  effects 
of  sleep  loss  appear  to  be  attributable  to  chronic  fatigue,  which  is  manifested 
as  a  condition  of  physical  and  cognitive  enervation.  Although  other  factors 
such  as  boredor  motivation  or  task  specific  factors  may  influence  mood  and 
performance,  it  is  this  chronic  fatigue  which  appears  to  be  the  primary  effect 
of  sleep  loss. 

One  method  to  optimise  task  performance  during  sleep  loss  is  to 
individually  monitor  fatigue  level  and  make  adjustments  when  criterion  values 
are  exceeded.  ror  instance,  adjustments  could  be  made  either  to  Individuals 
(e.g.,  intervene  with  rest,  sleep  or  drugs)  or  to  their  work  environment  (e.g., 
alter  the  stimulus  or  response  characteristics  of  the  task)  or  both.  At 
present,  however,  there  is  no  satisfactory  way  to  measure  chronic  fatigue 
objectively.  Efforts  to  measure  fatigue  have  generally  been  limited  to  self- 
report  scales.  To  be  useful  both  in  applied  and  research  settings  fatigue 
measurements  must  be  objective,  non-intrusive,  easily  quantified,  and  minimally 
compromise  the  working  environment.  They  should  have  face  validity  and  be 
correlated  with  changes  both  in  subjective  estimates  of  fatigue  and  objective 
measures  of  performance  (l.e.  concurrent  validity). 

One  potential  objective  measure  of  fatigue  is  the  Multiple  Sleep  Latency 
Test  (MSLT)  (5).  The  MSLT  is  based  on  the  simple  and  direct  assumption  that 
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"...those  individuals  who  are  sleepy  will  fall  asleep  more  quickly  than  those 
who  are  not"  (11,  p,S108).  Procedurally,  the  MSLT  requires  subjects  to  lay  down 
in  a  dark,  quiet  room,  close  their  eyes,  and  attempt  to  fall  asleep.  Tl.e  basic 
unit  of  measurement  is  the  latency  to  reach  stage  1  sleep  (as  defined  by  20) 
with  a  maximum  allowable  latency  of  20  minutes.  If  the  subject  enters  stage  1 
sleep  he  it  awakened  and  the  latency  is  recorded. 

The  MSLT  has  enjoyed  both  clinical  and  experimental  popularity  (11)  but  in 
its  present  form,  the  MSLT  is  unsuitable  for  monitoring  fatigue  during  periods 
of  continuous  cognitive  performance.  For  work  environments  and  experiments 
involving  high  work/rest  schedules,  such  as  the  7:1  (105  min  work  to  15  min 
rest)  schedules  found  in  studies  of  sustained  work  and  sleep  loss  (2,  13),  the 
MSLT  can  exceed  the  usual  rest  interval  and  reduce  the  work/rest  schedule  by 
more  than  fifty  percent.  Akerstedt  and  Gillberg  (1)  echoed  similar  concerns  for 
their  field  studies  on  shift-workers  when  they  shortened  the  MSLT  to  10  min 
because  "...we  wanted  a  setting  similar  to  that  of  our  field  studies  where  10 
min  had  to  be  used  to  avoid  production  losses"  (p.221). 

In  contrast  to  the  MSLT  which  defines  sleepiness  as  the  propensity 
(latency)  to  fall  asleep,  Gavins,  Zeitlln,  Ancoli  and  Yeager  (9)  have  attempted 
to  automatically  measure  the  act  of  falling  asleep  itself.  They  developed  a 
computerized  drowsiness  detector  to  identify  and  reject  EEG  signals  contaminated 
by  drowsiness.  Their  algorithm  detected  increases  in  the  ratios  of  delta  to 
alpha  and  theta  to  alpha  after  controlling  for  awake,  alert  baseline  EEG.  The 
results  were  consistent  with  raters’  visual  scoring  of  sleep  onset.  However, 
consistent  with  the  purpose  of  their  research,  the  algorithm  provided  only 
decisions  for  whether  drowsiness  was  present  or  absent.  It  was  not  used  as  a 
quantitative  measure  of  varying  drowsiness. 

The  present  study  develops  and  evaluates  a  drowsiness  metric  (as  a  measure 
of  fatigue)  appropriate  for  suatained,  high  Intensity,  work  environments. 
Features  common  both  to  the  MSLT  and  the  work  of  Gevlns  et  al.  (9)  have  been 
incorporated.  Unlike  the  MSLT,  where  subjects  try  to  fall  asleep,  a  methodology 
was  developed  where  subjects  were  instructed  to  relax,  close  their  eyes  and  rest 
for  four  minutes  while  Bitting  at  their  work  stations.  This  strategy  permits 
close  monitoring  of  the  natural  and  uncontrollable  effects  of  chronic  fatigue 
and  allows  a  quiet  and  relatively  artifact  free  period  of  EEG  acquisition. 

The  4  min  eyes  closed  relaxation  procedure  was  embedded  once  every  hour 
within  a  battery  of  cognitive  tasks  during  a  64  hour  continuous  work  experiment. 
Although  Instructed  to  remain  awake  during  these  relaxation  periods,  it  was 
anticipated  that  subjects  would  experience  increasing  levels  of  drowsiness  as 
sleep  loss  became  more  severe.  By  visually  scoring  the  EEG  for  (1)  the  latency 
to  stage  1  sleep  onset,  (2)  number  of  stage  1  sleep  onsets,  and  (3)  shortest, 
longest  and  total  time  in  stage  1  sleep  or  deeper,  a  modified  Multiple  Sleep 
Latency  Test  is  achieved.  The  EEG  signals  were  also  digitized  and  analyzed  to 
obtain  a  drowsiness  index.  The  metric  proposed  in  this  study  subtracts  the 
amount  of  theta  and  delta  from  alpha  while  controlling  for  individual 
differences  (such  as  the  amount  of  endogenous  alpha)  by  dividing  the  result  by 
alpha  minus  theta  minus  delta  activity  present  during  baselines.  The  drowsiness 
index  was  based  on  previous  findings  showing  that  the  transition  from  waking  to 
stage  1  sleep  is  characterized  by  a  reduction  of  alpha  activity,  and  an  increase 
in  theta  and  delta  activity  (e.g,,  9,  18,  20). 

In  the  present  experiment  the  drowsiness  index  provides  a  single  estimate 
of  fatigue  for  the  entire  4  minute  relaxation  period  which  is  then  correlated 
with  performance  and  mood.  To  investigate  transient  variations  in  drowsiness 
within  a  single  4  minute  period  a  novel  ' autoFPT’  measure  was  used.  The 
procedure  is  similar  to  an  autocorrelation  or  an  autoregression,  and  yields  a 
3-dlmensional  representation  of  the  temporal  and  spectral  EEG  characteristics  of 
abbreviated  sleep  onsets. 


METHOD 


Subjects i 

For  each  of  16  male  Canadian  Forces  volunteers  EEG  activity  was  recorded 
continuously  for  over  80  hrs.  Seven  subjects  had  incomplete  data  due  to 
intermittent  equipment  malfunction  (5  subjects)  or  excessive  artifact  in  the  EEG 
channels  (2  subjects).  The  mean  age  of  the  remaining  9  subjects  was  30.1  yrs. 

Apparatus  i 

Subjects  worked  independently  in  3  X  4  m  experimental  rooms  each  equipped 
with  a  DEC  VT100  video  display  terminal,  table,  chair  and  desk  lamp.  All 
cognitive  tasks,  including  the  4  min  syss  closed  Instructions,  were  generated 
end  controlled  by  e  DEC  PDP-11/44  computer  and  wars  displayed  on  the  subjects' 
video  terminals)  when  responses  were  required  the  subjects  keyed  their  answers 
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into  the  terminal*. 

Closed-circuit  televisions  were  used  to  visually  monitor  the  subjects,  and 
slave  monitors  displayed  the  information  on  each  subject’s  terminal  to  the 
experimenter.  By  monitoring  both  the  subjects  and  their  responses  experimenters 
were  able  to  determine  when  the  subjects  fell  asleep.  Except  for  the  4  min 
relaxation  period,  if  subjects  fell  asleep  they  were  immediately  awakened  by  the 
experimenter. 

Continuous  electrophysiology  was  recorded  for  each  subject  on  an  eight 
channel  Oxford  Nedilog  9000  ambulatory  cassette  recorder.  During  waking 
portions  of  the  experimental  protocol  the  following  channels  were  recorded)  3 
EEQs  (C3-01,  C4-A2 ,  Fz-Al ) ,  an  ECG,  a  bipolar  EOG,  respiration  and  actigraphy. 
To  visually  score  the  EEG,  each  4  min  relaxation  period  was  copied  from  cassette 
tape  to  paper  using  the  Oxford  Nedilog  9000  Replay/Display  System  connected  to  a 
Beckman  Accutrance  2000  polygraph.  Tor  computer  quantification  the  Oxford 
Nedilog  9000  Replay/Display  System  replayed  the  signals  through  Khron-Hlte 
analog  filters  to  a  VAX  785  computer  with  A/D  converters  and  mass  storage 
devices . 

Procedure i 

Subject*  received  the  same  experimental  protocol  in  groups  of  four,  and 
worked  independently  of  each  other.  They  arrived  at  lOOOh  on  Monday  and 
remained  until  1500h  on  Friday.  All  time  cues  were  removed  and  interpersonal 
communication  with  the  laboratory  staff  was  kept  to  a  minimum.  On  Monday  all 
subjects  ware  briefed  on  the  experimental  protocol  and  given  extensive  training 
and  practice  on  the  battery  of  cognitive  tasks  used  in  the  experiment.  Training 
continued  until  200Ch,  after  which  the  subjects  relaxed,  watched  a  movie,  had 
their  electrodes  applied  and  retired  for  8  hours  of  baseline  sleep  at  2200h. 
They  were  awakened  at  0600h  Tuesday  morning  and  began  the  experiment 
immediately.  On  Thursday  morning  at  0400h  they  were  given  a  2  hr  nap,  after 
which  they  immediately  continued  the  experiment,  until  2000h  on  Thursday  night. 
Then  they  relaxed  and  went  to  bed  at  2200h  for  8  hours  of  recovery  sleep.  At 
0600h  on  Friday  they  were  awakened  and  worked  until  1500h,  at  which  time  the 
experiment  ended. 

Throughout  the  sleep  deprivation  period  the  subjects  were  required  to 
perform  a  work  schedule  consisting  of  1  hr  and  45  min  of  continuous  cognitive 
work  followed  by  15  min  of  rest.  During  thsse  rest  breaks,  the  subjects 
consumed  food,  used  toilet  facilities,  watched  movies,  conversed  and  had  all 
electrode  connections  checked  by  the  experimenters.  In  each  work  session  two  15 
minute  periods  (one  immediately  after  their  break  and  the  other  1  hour  into  the 
work  session)  were  devoted  to  self-report  scales  and  a  battery  of  short 
cognitive  tasks  which  included  the  4  min  relaxation  period.  Therefore, 
estimates  of  subjective  and  objective  fatigue  as  well  as  performance  were 
gathered  once  every  hour.  Although  numerous  other  tasks  were  performed  during 
the  work  session  only  the  results  from  these  15  minute  test  batteries  will  be 
presented . 

Tasks i 


Four  min  eves  closed  relaxation  period.  On  their  video  display  terminal 
the  subjects  were  Initructed  to  relax  in  their  chairs  with  their  eyes  closed. 
At  the  end  of  4  minutes  the  terminal  bell  sounded  and  the  subjects  were  ask  to 
answer  the  following  question. 

"On  the  following  scale,  please  type  the  number  from  1  to  7  which  best  describes 
how  you  felt  while  your  eye  were  closed. 


1  -  I  was  alert  and  wide  awake. 

2- 1  was  alert,  somewhat  relaxed  but  not  at  my  peak. 

3- 1  was  very  relaxed  and  even  a  bit  drowsy. 

4- 1  was  very  drowsy  and  almost  fell  asleep. 

5- 1  was  extremely  drowsy  and  I  think  I  might  have  fallen  asleep  briefly. 

$  -  I  fell  asleep  a  number  of  times  and  it  was  difficult  to  stay  awake  for 

even  short  periods. 

7-1  fell  asleep  and  stayed  asleep  until  the  task  was  over  and  I  had  to  be 
awaken  by  the  'beep'  from  the  terminal  or  by  the  experimenter. 

TYPE  YOUR  ANSWER  HERE  AND  HIT  RETURN  /  _  " 
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Balf-report  scales.  The  subjects  completed  three  self-report  scsles.  The 
first  was  trie  U.S.  Air  rorce  School  of  Aerospace  Medicine  Subjective  Fatigue 
Checklist  (10)  in  which  the  subjects  were  sequentially  presented  with  10 
statements,  such  as  "very  lively"  and  "petered  out"  and  rated  themselves  as 
"better  then",  "same  as",  or  "worse  than"  each  of  these  statements.  Total 
scores  on  this  scale  covered  a  20-point  range,  with  lower  scores  indicating 
greater  subjective  feelings  of  fatigue. 

The  second  self-report  scale  was  the  Stanford  Sleepiness  Scale  (14). 

The  third  was  the  U.S.  Naval  Health  Research  Center's  Mood  Scale  (16). 
The  subjects  were  sequentially  presented  with  mood-related  descriptions  (e.g., 
active,  tense,  considerate,  happy),  and  then  rated  themselves  on  a  4-point 
scale,  from  "not  at  all"  to  "extremely",  relative  to  each  description.  Nineteen 
positive  and  10  negative  mood  descriptions  were  presented  so  that  separate 
positive  and  negative  mood  scores  could  be  calculated.  The  positive  mood  score 
covered  a  57-point  range;  higher  scores  indicated  a  more  positive  mood.  The 
negative  mood  score  covered  a  30-point  range;  higher  scores  indicated  a  more 
negative  mood. 

Complex  iterative  subtraction.  subjects  were  presented  with  a  randomly 
chosen  three-digit  number  between  500-999  on  the  screen  (e.g.  674)  and  were 
asked  to  subtract  9  from  the  presented  number,  then  8  from  the  obtained 
difference,  7  from  the  next  difference,  6  from  the  next  difference,  and  5  from 
the  next  difference,  and  then  to  repeat  the  sequence  of  subtrahends  for  the 
duration  of  the  task  (adapted  from  Cook,  Cohen  s  Orne  (7)).  The  original 
three-digit  answer  was  removed  from  the  screen  immediately  after  the  third  digit 
was  entered  by  the  subject.  This  forced  subjects  to  remember  each  difference, 
as  well  as  a  varying  single-digit  subtrahend.  There  were  two  trials  each 
lasting  60  sec  and  terminated  by  a  'beep'. 

Logical  reasoning.  This  task  involves  understanding  sentences  of  varying 
syntactic  complexity  (4).  Sixteen  sentences,  such  as  "A  is  preceded  by  B",  were 
presented  individually  on  the  subject's  terminal  followed  by  either  the  letter 
pair  "ab"  or  "BA".  The  subjects  were  required  to  indicate  whether  or  not  each 
sentence  was  a  true  description  of  the  pair  of  letters  by  pressing  a  key  marked 
"T"  (true)  or  "F"  (false).  The  32  possible  sentences  and  letter  pairs  were 
presented  in  random  order  without  replacement. 

Visual  Scoring  of  the  EEG; 

The  EEG  channel  from  the  C3-01  electrode  site  was  visually  scored  for  each 
subject  for  each  4  min  relaxation  period.  The  EEG  signals  were  copied  to  a 
paper  polygraph  running  at  10  mm/sec,  with  time  constant  of  0.1  and  calibrated 
at  50  uV/cm.  From  the  beginning  of  each  relaxation  period  stage  1  sleep  onsets 
were  scored  using  the  criteria  of  Rechtschaf fen  and  Kales  (20)  with  the 
following  modifications.  Two  visual  scorers  independently  scanned  the  C3-01  EEG 
channel  from  the  beginning  of  the  trial  until  there  was  a  10  sec  period  during 
which  no  alpha  activity  was  produced  (or  severe  alpha  attenuation  in  the  case  of 
high  alpha  generators)  accompanied  by  an  Increase  of  theta  and/or  delta 
activity.  The  latency  to  the  onset  of  this  10  sec  period  from  the  beginning  of 
the  trial  was  recorded  as  the  time  for  the  first  onset  of  stage  1.  If  no 
segment  of  the  EEG  signal  indicated  a  sleep  onset  then  a  maximum  latency  score 
of  240  sec  (i.e.  4  minutes)  was  recorded.  If  movement  artifacts  or  alpha  bursts 
lasting  at  least  2  seconds  were  observed,  this  was  taken  as  indication  of 
arousal  from  sleep  and  a  further  10  seconds  of  no  alpha  was  needed  to  score 
another  sloep  onset.  All  times  were  recorded  to  the  nearest  second. 

the  following  dependent  variables  were  measuredi  (1)  the  latency  of  stage 
1  sleep  onset,  (2)  the  number  of  stage  1  sleep  onsets,  and  (3)  the  shortest, 
longest  ant  total  time  spent  in  stage  1  sleep  or  deeper. 

Computer  Quantification 

Prior  to  the  experiment,  the  clocks  on  the  cassette  recorders  were 
synchronized  to  the  clock  on  the  PDP  11/44  (which  controlled  and  presented  all 
talk  throughout  the  experiment).  Every  second  the  recorder  encodes  the  time  of 
day  with  the  incoming  signals,  which  allows  retrieval  of  the  electrophysiology 
associated  with  any  task  in  the  experiment.  Each  subject  produced  5  cassette 
tapes  during  the  experiment  with  approximately  16  hrs  of  electrophysiology  on 
each  tape.  Since  manually  locating  the  desired  section  of  tape  for  each  trial 
of  each  task  was  difficult  and  labor  intensive,  the  entire  tape  was  digitized. 
With  knowledge  of  the  times  at  which  the  4  min  relaxation  periods  were  given, 
the  appropriate  sections  of  the  digitized  signal  were  extracted  and  analysed. 

Analysing  the  data  in  this  manner,  however,  introduces  a  problem  if  the 
real-time  clock  of  the  A/D  converters  is  used  to  sample  the  nignal.  During  tape 
playback,  any  variances  in  tape  speed  would  introduce  large  compounding  errors 
for  locating  the  correct  segment  of  digitized  data  belonging  to  a  particular 


relaxation  period.  Instead,  a  lie  Hz  square  wave  signal  generated  and  recorded 
on  the  tapes  by  the  Oxford  recording  system  (to  synchronize  multiplexing  of  the 
8  data  channels)  is  used  to  activate  a  Schmitt  trigger  on  the  A/P  converters. 
Since  both  the  negative  and  positive  Inflections  of  the  126  Hz  signal  activate 
the  trigger,  a  256  Hz  sampling  rate  is  produced.  The  126  Hz  signal  varies 
isomorphically  with  tape  playback  speed  and  generates  digitized  data  temporally 
equivalent  to  the  original  signal.  In  fact,  testing  revealed  that  after  18 
hours  of  digitisation  a  difference  of  only  .5  sec  is  detected  between  actual 
tape  time  and  the  time  estimated  from  the  sampling  frequency. 

All  tapes  were  played  back  and  digitized  at  20  times  real  time.  In  all 
cases  the  bandpassed  (.5-40  H2)  C3-01  EES  channel  was  analysed  using  the 
following  two  techniques. 

Period  Analysis!  Period  analysis  was  performed  on  twenty-four  10  sec 
epochs  during  each  4  min  relaxation  period  for  each  subject.  This  period 
analysis  (cf.  15)  produced  3  measures  for  5  EEG  bandwidths  (delta  .5-4  Kz,  theta 
4-8  Hz,  alpha  8-12  Hz,  sigma  12-16  Hz  and  beta  16-40  Hz).  They  are  measures  of 
zero-cross,  power,  and  first-derivative.  Briefly,  a  zero-cross  analysis  checks 
for  a  change  in  the  sign  of  the  voltage  passing  through  zero.  A  measurement  of 
the  elapsed  time  between  two  zero-crossing  events  yields  an  estimate  of  the 
wave's  frequency.  Power  is  calculated  by  cumulatively  adding  the  absolute 
voltage  values  between  zero-cross  events.  The  first-derivative  checks  for 
negative  inflections  in  the  EEG  voltage  and  the  time  between  such  events 
provides  an  estimate  of  faster  frequencies  superimposed  on  the  main  waveform. 
However,  since  faster  frequencies  are  not  considered  in  this  paper 
first-derivative  measures  are  not  reportod. 

For  each  4  min  eyes  closed  relaxation  period  mean  values  were  obtained 
for  each  bandwidth  across  the  twenty-four  10  sec  epochs.  The  drowsiness  index 
was  calculated  for  both  the  zero-cross  and  power  measures  as  follows) 

(A-T— D!/( Ab-Tb-Db ) 


where  A,  T  and  D  are  mean  alpha,  theta  and  delta  power  or  zero-cross  and  Ab,  Tb 
and  Db  are  mean  baseline  alpha,  theta  and  delta  power  or  zero-cross.  Baseline 
values  were  calculated  by  averaging  the  EEG  for  each  bandwidth  for  the  first 
four  relaxation  periods  in  the  experiment  when  the  subjects  were  fresh  and 
produced  maximal  alpha.  It  can  be  seen  from  the  equation  that  subjects  who  are 
very  low  alpha  generators  may  yield  negative  denominators  and  produce  a 
different  scale.  For  these  instances  (i.e.,  negative  denominators)  a  corrected 
equation  is  used: 


(A-T-D)/( Ab-Tb-Db)  x  -1  +  2 


The  values  from 
generators  will 
upon  the  depth  of 


the  resulting  drowsiness  scale  for  both  alpha  and  non-alpha 
vary  from  approximately  1  to  a  larger  minus  number,  depending 
slow  wave  sleep. 


AutoFFTs :  It  was  anticipated  that  sleep  deprivation  would  precipitate 
sleep  during  the  4  min  eyes  closed  relaxation  period.  This  provided  the 
opportunity  to  investigate  the  spectral  characteristics  of  abbreviated  sleep 
onsets  using  Fact  rourier  Transforms.  However,  traditional  techniques  appear  to 
be  unsuitable  for  detecting  abbreviated  sleep  onsets.  For  instance,  if  repeated 
spectral  estimates  with  a  window  length  of  20  sec  are  used,  only  12  successive 
FFTs  would  be  produced  providing  only  a  crude  measure  for  tracking  sleep  onset. 
A  shorter  epoch  length  (e.g.,  2  sec)  would  yield  120  successive  FFTs  but  would 
not  produce  smooth  transitions  among  frequencies  across  spectra.  Also,  FTs  on 
short  epochs  need  windowing  techniques  to  reduce  the  effect  of  abrupt  onsets  and 
endings  in  the  digitized  data. 


To  overcome  these  difficulties  a  new  avtoFFT  technique  was  used  which 
involved  performing  multiple  FFTs  with  a  window  of  20  sec  and  a  lag  of  2  sec. 
For  a  particular  4  min  segment  of  EEG  from  a  relaxation  period,  the  first  20  sec 
was  Fast  Fourier  Transformed  (i.e.,  from  time  0  sec  to  time  20  sec).  Next,  a  20 
sec  FFT  was  performed  from  time  2  sec  to  time  22  sec.  This  procedure  was 
repeated  over  the  4  min  period  resulting  in  111  frequency  spectra  which  were 
plotted  3  dimensionally.  The  plots  provided  a  smooth  visual  representation  of 
abbreviated  sleep  onset  in  the  frequency  domain  through  time. 


RESULTS 

Throughout  the  experiment  all  subjects  received  the  same  number  of  trials 
of  all  tasks  and  performed  them  at  approximately  the  same  time  (i.e.,  roughly 
within  5-10  min  of  each  other).  Except  for  the  autoFTT  results,  the  data  for 
all  figures  are  collapsed  across  subjects  and  plotted  in  time. 


Figure  1  illustrates  the  mean  latencies  to  stage  1  sleep  for  all  subjects 
across  the  experiment  during  the  4  min  eyes  closed  relaxation  period.  The 
narrow  vertical  bar  represents  a  2  hr  nap  sleep  period.  Notice  that  a  high 
fraquency  oscillation  is  apparent  in  the  figure.  This  oscillation  is  due  to  the 
difference  between  those  trials  performed  immediately  after  a  IS  min  break  and 
thoee  1  hour  into  a  work  session.  Figure  2  is  the  same  data  plotted  for  each 
condition  ('AFTER  BREAK'  and  '1  HR  INTO  SESSION').  All  further  graphs  are 
similarly  plotted.  Additionally,  since  there  were  high  intercorrelations  among 
the  EEG  defined  drowsiness  variables  (i.e.,  latency  to  stage  1,  number  of  stage 
1  onsets,  shortest,  longest  and  total  time  asleep),  only  the  data  from  'latency 
to  stage  1  sleep'  and  ‘total  time  asleep’  will  be  presented. 

Figures  2  and  3  illustrate  the  changes  in  sleep  onset  latencies  and  total 
sleep  time  during  the  4  min  eyes  closed  relaxation  trials  throughout  the 
experiment.  After  18-20  hra  of  sleep  deprivation  (i.e.  2400h  and  0200h  Wednesday 
morning)  a  marked  decline  in  sleep  latencies  and  Increase  in  sleep  time  is 
observed.  Some  recovery  occurs  between  32-38  hours  of  sleep  deprivation  (1400h 
and  2000h  Wednesday),  followed  by  further  increases  in  sleepiness  at  39-4S  hours 
(early  Thursday  morning).  After  the  nap  some  recovery  it  noticeable,  and, 
although  not  shown  in  the  figures,  after  8  hrs  of  recovery  sleep  levels  have 
returned  to  those  observed  during  the  start  of  the  experiment.  Figures  4  and  5 
show  very  similar  trends  in  performance,  and  Figures  6-8  exhibit  these  same 
trends  for  subjective  assessments  of  sleepiness,  fatigue  and  drowsiness.  These 
data  suggest  that  sleep-latency  and  total-sleep-time  measured  during  the  4  min 
eyes  closed  relaxation  period  covary  with  performance  and  self-report  scaler. 
In  order  to  quantify  this  covariation  among  the  dependent  variables,  multiple 
correlations  were  performed  between  stage  1  sleep  onset  latencies  and:  (1) 
performance  on  the  Subtraction  t  Logical  Reasoning  tasks;  (2)  scores  on  the 
Stanford  sleepiness  scale,  Fatigue  scale,  Positive  mood  t  Negative  mood  scales; 
and  (3)  scores  on  the  Drowsiness  scale.  Multiple  correlations  for  each  subject 
are  listed  in  Table  2.  With  the  exception  of  the  multiple  correlation  between 
sleep  latency  and  task  performance  for  subject  14,  all  multiple  correlations  are 
significant.  Also,  repeated  measures  ANOVAs  show  that  Impairment  due  to  sleep 
loss  Increased  significantly  over  the  course  of  the  experiment  and  most  measures 
show  reliable  differences  between  trials  occurring  'after  breaks'  and  trials 
occurring  '1  Hr  into  a  work  session’  (see  table  1). 

Period  Analysis 

Figures  9,  10  and  11  illustrate  the  changes  in  alpha,  theta  and  delta 
r-ro-cro"  activity  as  result  of  sleep  deprivation  during  the  4  min  eyes 
closed  relaxation  periods.  With  increasing  sleep  loss  alpha  decreases  and  theta 
and  delta  increase,  reflecting  greater  amounts  of  drowsiness  and  sleep  during 
the  relaxation  period  (power  values  show  similar  trends).  The  drowsiness  index 
based  on  zero-cross  and  power  values  show  very  similar  trends  (see  figures  12 
and  13) . 

Both  the  zero-cross  and  power  derived  drowsiness  indices  yield  significant 
trials  effects,  and  significant  differences  between  trials  occurring  after  a 
break  and  trials  1  hr  into  a  work  session  (see  table  1).  The  similarity  between 
the  drowsiness  index  and  performance  is  evident  in  figure.-,  11  and  1=  -h  eh  ".' 
the  drowsiness  index  plotted  with  Subtraction  and  Logical  Reasoning  respective¬ 
ly.  More  importantly,  multiple  correlations  between  the  drowsiness  indox  and 
performance  and  self-report  scales  were  significant  (see  table  3).  Subjects  4 
and  9  demonstrate  lower  multiple  correlations  because  a  greater  amount  of  noise 
is  pressnt  in  their  EEG,  This  noiss  can  be  ignored  during  visual  scoring  of 
slesp  latencies  but  is  difficult  to  removs  during  computer  quantification. 
Nevertheless,  the  generally  strong  relationship  between  the  drowsiness  index  and 
both  performance  and  subjective  mood  estimates  is  encouraging. 

To  determine  whether  or  not  the  magnitude  of  the  correlations  among 
subjects  was  due  to  the  amount  of  endogenous  alpha  they  produced,  the  subjects 
were  rank  ordered  both  on  the  bases  of  endogenous  alpha  produced  during  baseline 
and  the  magnitude  of  their  multiple  correlations.  The  correlation  between  the 
two  rank  seders  was  not  significant  (r-.45,  df-7,  p  <.224). 

Auto  rfTs 


Tha  results  of  the  autoFFT  are  illustrated  by  the  data  from  a  single 
subject  exhibiting  an  average  amount  of  alpha  during  baseline.  Figure  16 
illustrates  the  temporal  frequency  spectrum  of  subject  #1  during  a  4  min 
relaxation  period  occurring  5  hours  into  ths  experiment.  The  subject  is  fresh, 
alert  and  exhibits  a  large  peak  in  the  alpha  frequency  throughout  ths  entire  4 
min.  After  25  hours  of  sleep  deprivation  the  same  subject  fell  asleep  (as 
determined  by  visual  sleep  stage  scoring)  30  seconds  into  the  relaxation  period 
(see  figure  17).  Notice  the  dramatic  reduction  of  alpha  activity  with  a 
concomitant  increase  in  slow  wave  activity.  Figure  18  demonstrates  the  subject 
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table  t:  Results  from  repeated  measures  ANOVAs  for  each  task  and 
EGG  indicators  of  fatigue. 


Main  affect  for  differinCM  Main  affect  for  diffsrancta 
bttwaan  trial!  occurring  among  Irfeli  aero**  the 
'altar  braakl*  and  Irlata  'iHr  attperlmont.  (dl*22,22*) 
Into  eaaalon’.  (df-t.P) 


F 

P< 

F 

P< 

Performance 

Subtraction  Task 

10.30 

.012 

5.50 

0C 1 

Logical  Reasoning  Task 

19.85 

.002 

6.62 

.001 

f-TTi  rjrrctmi  irnn 

Stanford  Sleepiness  Scalo 

13,95 

.006 

6.80 

.001 

Fatigue  Scale 

8.05 

.022 

5.01 

.ooi 

Negative  Mood  Scale  j 

5.04 

.055 

6.15 

.001 

Positive  Mood  Scale 

4.87 

.058 

5.30 

.001 

Drowsiness  Scale 

22.52 

.002 

6,27 

.001 

jLvrrm  ■  3  =i  e 

Latency  to  Stage  1 

59.98 

.001 

8.64 

.001 

Total  Time  Asleep 

54.61 

.001 

8.72 

.001 

Drowsiness  Index  (2«ro*Cfo»g) 

15.23 

.005 

5.19 

.001 

Drowsiness  Index  (Pow«<> 

9.32 

.016 

4.24 

.001 

TABLE  2:  Multiple  correlations  (R)  for  each  subject  between  Stage  1  sleep  onset 
and:  (1)  performance  on  the  Subtraction  and  Logical  Reasoning  tasks; 
(2)  Stanford  Sleepiness  scale,  Fatigue  scale,  Positive  and  Negative 
Mood  scales;  (3)  Subjective  Drowsiness. 
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TABLE  3:  Multiple  correlations  (R)  for  each  subject  between  Drowsiness  Index 
and:  (1)  performance  on  the  Subtraction  and  Logical  Reasoning  tasks; 
(2)  Stanford  Sleepiness  scale,  Fatigue  9cale,  Positive  and  Negative 
Mood  scales;  (3)  Subjective  Drowsiness. 


Subjects 

Drowsiness  Index  & 
Task  Performance 

Zero-cross  Power 

_mi _ ® _ 

Drowsiness  Index  & 
Subjective 

Scales 

Zero-cross  Power 

_ !51 _ 

Drowsiness  Index  & 
Subjective 
Drowsiness 

Zero-cros3  Power 

_ ibl_ 

SI 

.632 

.646 

.310 

,809 

.788 

.787 

S2 

.594 

.591 

,789 

.783 

.790 

.762 

S3 

.691 

.696 

.743 

.743 

.727 

.723 

S4 

.158* 

.136* 

.518 

.391* 

.139* 

.047* 

S5 

.686 

.657 

.546 

.534 

.629 

.611 

S6 

.782 

.760 

.711 

.724 

.705 

.759 

S7 

.599 

.598 

.523 

.520 

.567 

.580 

SB 

.580 

.531 

.679 

.641 

.826 

.852 

S9 

.340* 

.352* 

.561 

.544 

.271* 

.189* 

*p>.01. 
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KEG  SLEEP  ONSET  LATENCIES 


Figure  It  Mean  stage  1  sleep 
latencies  during  the  4  min  eyes 
closed  relaxation  period  given 
hourly  throughout  a  64  hr  sleep 
deprivation  experiment.  (Gray  band 
signifies  a  2  hr  nap) 


DAY  » 


DAY  2 
TIME 


DAY  3 


EEC  SLEEP  ONSET  LATENCIES 


Figure _ 2:  Same  data  as  in  figure  1 

except  the  results  are  divided  into 
trials  occurring  after  a  15  min 
brean  and  trials  occurring  1  hr 
Into  a  2  hr  work  session. 
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DAY  .1 
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TOTAL  TIME  ASLEEP 


SUBTRACTION  TASK 
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STANFORD  SLEEPINESS  SCALE 


Figure  61  Mean  scores  on  the  Stan¬ 
ford  Sleepiness  Scale \  larger 
values  represent  greater  subjective 
sleepiness. 


FATIGUE  SCALE 


Figure  7 i  Keen  fatigue  scores  on 
the  fatigue  Scale)  larger  values 
represent  less  subjective  fatigue. 


DAY  I 


DAY  2 

TIME 


DAY  .1 


SUBJECTIVE  DROWSINESS  SCALE 


Figure  8:  Mean  drowsiness  scores  on 
the  Drowsiness  Scale i  larger  values 
represent  greater  drowsiness. 
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EEG  DROWSINESS  INDEX 


figure  13 1  Mean  drovsiness  scores 
on  the  (pover  derived)  EEG  Drowsi¬ 
ness  Index. 


(Zero-cross) 


Fia-jra  12 1  Mean  drovsiness  scores 
on  the  ^aero-cross  derived)  BEG 
Drowsiness  Index  during  the  4  sin 
eyes  closed  relaxation  periods) 
ass  text  for  a  description  of  the 
algorithm. 
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EEG  AND  SUHTKACTION 

(Trials  I  llr  into  session) 


figure  14)  Mean  drowsiness  scores 
on  the  Tsero-cross  derived)  EEG 
Drowsiness  Index  plotted  with  the 
mean  nuataer  of  correct  responees 
per  min  of  the  subtraction  Task  for 
trials  occurring  1  hr  into  the  work 
session. 
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EEG  AND  LOGICAL  REASONING 

(Triala  I  Mr  into  BcaaionJ 


Figure _ I5i  Mean  drowsiness  (core* 

on  the (sero-croae  derived)  MG 
Drowsiness  Index  plotted  with  the 
a»«n  number  of  correct  responses 
per  min  of  the  Logical  Reasoning 
Task  for  trials  occurring  1  hr  into 
tha  work  session. 


Figure  16t  Three  dimensional 
autoPFf  of "  a  4  min  eyes  closed 
relaxation  period  from  subject  II 
taken  early  in  the  experiment  when 
he  ia  fresh  and  avakai  notice  the 
unbroken  10  He  ridge  representing 
sustained  alpha  activity. 
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Figure  1 7 i  Three  dimensional 
autoPFf  from  subject  #1  vho  falls 
aqleep  30  sec  into  the  relaxation 
period)  notice  the  declining  alpha 
peak  end  increasing  power  in  the 
slover  frequencies. 
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falling  asleep  3  times  during  the  4  min  period  (after  31  hre  of  sleep 
deprivation).  four  distinct  alpha  peaks  can  be  teen  signifying  the  subjec'.  is 
awake,  and  three  distinct  valleys  are  evident  when  he  was  scored  asleep.  In  the 
next  figure  (figure  IS),  although  the  subject  her  undergone  39  hra  of  alwep  loss 
he  did  not  fail  asleep  during  this  trial.  However,  the  magnitude  of  the  alpha 
ridge  is  very  attenuated  coapared  to  figure  1$.  Finally,  figure  20  Illustrates 
the  subject  falling  asleep  7  sec  into  the  relaxation  period  and  remaining  asleep 
for  the  entire  4  min.  The  very  high,  slow  frequency  power  values  are  consistent 
with  visual  scoring  which  indicated  the  subject  was  in  late  stage  2  or  early 
stage  3  sleep  by  the  end  of  the  period. 


DISCUSSION 

The  performance  and  subjective  results  in  this  study  are  consistent  with 
earlier  sleep  deprivation  studies  emphasising  continuous  cognitive  workloads  (2, 
13).  The  addition  of  the  4  min  eyes  closed  relaxation  period  embedded  within 
the  hourly  battery  of  cognitive  tasks  and  self-report  scales  allowed  an 
opportunity  to  measure  chronic  fatigue.  Visual  scoring  of  the  CEO  during  these 
periods  provided  an  objective  measure  of  sleep  propensity,  similar  to  the  H5LT. 
Computer  analysed  EEG  (specifically,  the  drowsiness  index)  provides  a  fast, 
automatic  and  equally  sensitive  metric  of  "physiological  sleep  tendency"  (e.g,, 
6).  Both  measures  were  correlated  with  each  subject’s  task  performance  and 
subjective  mood  states,  furthermore,  the  high  correlations  between  subjective 
estimates  of  drowsiness  during  the  relaxation  period  and  the  EEG  derived 
measures  provide  additional  validity  for  theao  EEG  measures.  It  should  be 
emphasised  that  we  did  not  Attempt  to  find  direct  EEG  correlateo  of  cognition 
during  task  performance  (a  common  but  controversial  practice,  cf.  8)  in  this 
study.  Rather  we  used  the  robust  differences  between  waking  and  sleeping  eeg  to 
support  our  contention  that  performance  decline  during  sleep  deprivation  is 
mediated  by  pervasive  chronic  fatigue.  The  consistency  of  the  results  are  a 
reflection  of  this  strategy.  As  well,  it  appears  that  autoFFTs  are  useful  both 
for  providing  striking  visual  examples  of  sleep  onset,  and  also  good  examples  of 
fatigue  without  sleep  onset.  rot  instance,  figure  14  illustrates  a  result 
consistent  with  the  findings  of  Armlngton  and  Mitnick  (1)  that  alpha  activity 
decreases  in  awake  subjects  during  sleep  deprivation. 

The  long  term  goal  of  this  research  is  to  provide,  on  an  Individual  basis, 
estimates  of  performance  degradation  from  electrophysiological  indices.  Host  of 
the  research  in  sleep  deprivation  has  emphasised  the  effects  of  sleep  loss  on 
groups  of  subjects,  intending  these  results  to  individual  subjects  is  equally 
important.  Although  rest  breaks  seem  to  have  a  short-lasting  positive  Influence 
on  performance  and  objective  measures  of  drowsiness  during  sustained  operations, 
it  is  expected  that  interventions  tailored  to  the  individual  will  offer  greater 
potential  of  relief  from  chronic  fatigue,  ror  example,  real-time  intervention 
studies  are  now  being  planned  in  which  subjects  are  given  naps  at  times  dictated 
by  their  performance  and  their  scores  on  the  drowsiness  index.  In  this  way,  for 
each  individual,  chronic  fatigue  can  be  reduced  by  letting  the  subject's 
changing  state  control  the  administration  of  prophylactic  or  recuperative 
strategies . 
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SUMMARY 


Impaired  behavior  consequent  to  prolonged  mental  work  is  commonly  attributed  to  the 
effects  of  fatigue  on  higher  cognitive  functions  rather  than  to  changes  In  rote 
perceptuomotor  or  motor  functions.  A  deeper  understanding  of  these  effects  awaits 
better  knowledge  of  the  underlying  neurophysiological  mechanisms.  Here  we  make  a  modest 
contribution  toward  this  end  with  a  study  of  event-related,  spat  I otempora I 
neuroelectric  patterns  of  five  U.S.  Air  Force  test  pilots  performing  a  hlgh-load 
vlsuomotor  monitoring  task  while  alert,  becoming  fatigued,  and  fully  fatigued.  The 
preliminary  results  suggest  that  although  neural  systems  responsible  for  primary  visual 
stimulus  processing  remain  relatively  unaffected,  cortical  associative  areas  implicated 
In  task-epeci f Ic  response  Inhibition  are  affected  even  durlno  early  stages  of  fatigue. 
With  further  research,  It  may  be  possible  to  design  on-line  devices  for  predicting 
"transient  cognitive  lapses"  and  performance  decrements  resulting  f rom  operat Iona  I 
fat Igue. 


INTRODUCTION 


It  is  well  known  that  higher  cognitive  functions  are  more  affected  by  fatlguA  due  to 
prolonged,  difficult  mental  work,  than  are  rote  perceptuomotor  or  motor  functions. 
Although  psychological  theories  have  attempted  to  explain  these  chanoes,  humorous 
reporta  of  tragic  accidents  caused  by  fatigued  pilots  and  operators  of  other  complex 
equipment  clearly  demonstrate  the  need  for  a  better  understanding  of  these  phenomena. 
Here  we  make  a  modest  contribution  toward  this  end  with  a  study  of  event-related, 
spat i otempora I  neuroelectric  patterns  associated  visual  stimulus  processing  and 
response  Inhibition:  five  U.S.  Air  Force  test  pilots  performed  a  hlgh-load  vlsuomotor 
memory  task  wh i le  a  I er t ,  becoming  fatigued,  and  tally  fatigued. 

The  study  emerged  from  the  collaboration  of  researchers  from  several  institutions: 
(1)  The  USAF  School  of  Aerospace  Medicine,  San  Antonio  (James  Miller);  (2)  Systems 
Technology  Inc.,  Hawthorne,  California  (Henry  Jex  and  James  Smith);  (3)  Washington 
University,  St.  Louis  (John  Stern);  and  (4)  The  EEG  Systems  Laboratory.  A  paradigm  was 
developed  that  included  several  cognitive  and  perceptuomotor  tasks  requiring  varying 
degress  of  attention,  working  memory,  and  skill.  Thirty-three  or  51  scalp  EEG,  two 
eye-movement,  and  soveral  other  physiological  channels  of  data  were  recorded  from  each 
of  five  U.S.  Air  Force  test  pilots  as  they  performed  the  task  battery.  Preliminary 
analysis  of  the  event-related  covariance  (ERC)  data  suggests  that,  although  neural 
system*  responsible  for  primary  visual  stimulus  processing  remain  relatively 
unarfected,  cortical  associative  areas  implicated  in  task-specific  response  inhibition 
are  already  affected  during  the  Incipient  stages  of  fatigue. 


METHODS 


aftflUlCMMOli 

The  present  experiment  took  Into  account  certain  criteria  that  must  be  met  In  order 
to  Isolate  the  effects  of  operational  fatigue  on  performance,  and  so  that  results  will 
have  a  modicum  of  construct  and  face  validity  for  real-life  situations,  such  as 
piloting  an  aircraft.  These  criteria  Included:  1)  tasks  that  are  taxing  In  an  alert 
state,  yet  manageable  In  a  fatigued  state;  2)  tasks  meeting  constraints  Imposed  by 
neurophysiological  recordings  and  analysis,  Including  minimal  eye-  and  head-movements, 
and  Isolation  of  stimulus,  response,  and  cognitive  variables  [1-4];  3)  experimental 
paradigms  controlled  for  Initial  task  learning  and  automatization  of  performance;  and 
4)  recording  sessions  that  extend  f rom  wel l-pract Iced,  alert  performance  to  fatigued 
and  decremented  performance  due  to  extended  t Ime-on-task. 

EaDtrlMDiil  Eioiocol 

The  experiment  was  divided  into  four  recording  sessions,  conducted  over  the  course 
of  four  days.  Recordings  were  6-8  hours  long  per  session.  Pilots  learned  and  performed 
the  task  battery  during  Session  1,  until  their  performance  was  stable.  The  alert, 
well-practiced  pilots  performed  the  tasks  for  about  six  hours  during  Session  2.  The 
recording  of  data  for  Session  3  (“Fatigue")  began  In  the  evening  following  Session  2 
and  continued  until  subjects  did  not  wish  to  continue,  or  usable  EEG  data  could  no 
longer  be  recorded  bacause  of  excessive  eye  movements  or  head  nodding  and  drooping. 
Session  4  was  recorded  after  a  rest  day  in  order  to  measure  practice  and  automatization 
effects. 

Recordings  were  made  in  an  acoustically  dampened,  al r-condl t loned  chamber.  Room 
temperature,  lighting,  and  seating  position  were  adjusted  as  necessary. 

lasts  Bauaiy 

The  total  task  battery  consisted  of  five  tasks:  (1)  Visuomotor  Memory  Task,  null 
memory  condition;  (2)  Visuomotor  Monitoring  Task,  memory  load  condition  (called  VMMT  In 
this  paper);  (3)  Auditory  Monitoring  Memory  (AUM)  Task;  (4)  Sub-critical  Tracking;  and 
(S)  Critical  Tracking  (S.6J.  Since  the  analysis  reported  here  will  focus  exclusively 
on  the  difficult  VMMT,  It  will  be  described  In  detail.  Results  for  the  other  tasks 
will  be  described  elsewhere. 

Visuomotor  Memory  Task  (VMMT):  The  VMMT  was  designed  to  allow  for  precise  control 
of  stimulus  parameters,  motor  activity  Including  eye  movements,  and  cognitive 
processes.  This  was  done  by  combining  a  numeric  Judgment  task  used  previously  [7.8] 
with  a  memory  element  based  on  the  "delayed  digit  cancelling  task."  Each  trial 
consisted  of  a  warning  symbol  (disappearance  of  the  letter  X  from  the  screen),  a 
single-digit  numeric  stimulus  1  sec  later,  a  finger-pressure  response,  and  a  52— d  I  o  1 1 
numeric  feedback  presented  1  sec  after  completion  of  he  response.  Subjects  responded 
on  each  trial  with  a  flexion  of  their  right  Index  finger,  on  an  isometric  finger 
pressure  transducer,  with  a  pressure  proportional  to  the  stimulus  number  presented  two 
trials  back.  In  order  to  add  a  recognition  element  and  to  avoid  overly  short  response 
times,  a  random  20k  of  the  trials  were  response- 1 nh i b 1 1 1  on  catch  trials.  On  these 
trials,  the  current  stimulus  number  matched  the  2-back  stimulus  number  and  subjects 
were  required  to  withhold  their  response. 

Stimuli  consisted  of  single-digit  numbers  (32S  msec  duration)  presented  on  a 
V I deogr aph I ca- 1  I  amber  CRT  monitor  70  cm  from  the  subject.  Stimuli  subtended  a  visual 
angle  under  1.5  degrees,  with  an  Illumination  of  0.5  log  fL  against  a  background  of 
-1.5  log  fL.  The  2-dlglt  feedback  number  Indicated  the  exact  force  applied  with  a 
precision  of  0.1  units.  The  feedback  number  was  underlined  If  the  response  was  a  "win.” 
A  "win"  response  was  based  on  an  adaptive  error  tolerance,  computed  as  the  geometric 
average  of  the  error  (distance  from  the  required  response  pressure)  on  the  previous 
five  trials  (7],  This  adaptive  error  tolerance  served  to  equalize  subjective  task 
difficulty  across  the  session  and  to  Indicate  the  current  performance  trend.  After 
each  50-trial  block,  summary  performance  statistics  were  presented  to  the  subject  on 
the  video  screen.  With  an  Inter-trlal  Interval  of  1.8  sec,  trials  averaged  about  six 
seconds  in  length.  The  time  between  the  presentation  of  a  stimulus  number  and  the 
response  to  that  number  was  about  12  seconds.  This  pace  was  fast  enough  to  allow  well- 
practiced  subjects  to  maintain  the  numbers  In  working  memory  without  overt  rehearsal 
191. 


This  paper  will  focus  on  the  post-stimulus  interval  of  the  response- I nhib I t Ion  catch 
trials. 

EbKiialggj.£ii  sod  EoHaoucil  Bacstdiog  Maiboda 

Fifty-one  EEG  channels,  referenced  to  A2,  were  recorded  for  three  subjects  with  a 
custom  nylon  mesh  cap.  Recordings  of  the  first  two  subjects  were  made  with  a  reduced 
33-channel  montage.  Vertical  and  horizontal  eye  movements  were  also  recorded,  as  were 
the  responding  flexor  digltori  muscle  potentials,  Al,  EKG  and  respiration.  All  signals 
were  amplified  by  a  84-channel  Bioelectric  Systems  Model  AS-84P  with  .016  to  50  Hz 
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patsband,  monltorad  on  thraa  8-channel  and  two  16-channel  polyorapha,  and  digitized  to 
11  blta  at  128  Hz. 

Before  and  after  a  recording  aaaaion,  the  poaltlon  of  each  electrode  wao  measured 
ualng  a  3-0  digitizer.  A  general  elllpaold  surface  was  fitted  to  the  set  of  digitized 
positions,  thus  defining  the  outside  shape  of  the  head.  For  the  three  aubjecta  with 
Si-channel  recordings,  full  sets  of  3-axla  Magnetic  Resonance  Image  (MRI)  brain  scans 
were  made  at  1-cm  intervals  over  the  whole  volume  of  the  head.  After  scaling, 
translation  and  registration  with  the  EEQ  electrode  positions,  the  MRU  allowed 
correlation  of  electrode  positions  and  major  cortical  landmarks  [10, 11). 

BifiuciiQD  fil  yelutM  Coodusiian  Biutr.ioo  oi  EESa 

An  optimal  least-squares  estimate  of  the  Laplaclan  operator  was  applied  to 
compensate  for  the  blurring  of  brain  potentials  due  to  their  transmission  through  the 
skull  anc  scalp  [11,12}.  Electrodes  at  the  periphery  of  the  montage  were  excluded 
because,  without  taking  into  account  the  exact  geometry  of  the  montage,  additional 
peripheral  electrodes  would  have  been  needed  to  represent  the  signals  of  the  original 
peripheral  electrodes  adequately.  This  left  18  remaining  non-per ipheral  electrodes 
common  to  all  five  subjects.  It  should  be  noted  that  although  Laplaclan-transformed 
potentials  are  proportional  to  current  density,  the  waveform*  will  be  referred  to  as 
event-related  potentials  (ERPs)  In  keeping  with  common  usage. 

tentaiifio  cl  Dali  s»is 

Polygraph  records  were  edited  off-line  by  two  independent  raters  to  eliminate  trials 
with  evidence  of  eye  movement,  muscle  or  Instrumental  artifacts.  Trials  In  which 
response  pressures  were  not  unlmodai  or  In  which  reaction  time  exceeded  1500  msec  were 
discarded.  The  first  two  trials  of  each  block,  and  no-move  catch-trials  In  which  the 
subject  responded,  were  also  eliminated. 

In  order  to  form  properly  controlled  data  sets  for  each  neurophysiological 
hypothesis,  the  total  set  of  Artifact-free  trials  from  each  subject  was  submitted  to  an 
Interactive  program  that  displayed  the  means,  t-tests  and  histogram  distributions  of 
about  50  behavioral  and  physiological  variables  [13],  Variables  Included  stimulus 
parameters,  response  onset  time,  finger  pressure,  velocity,  acceleration  and  duration, 
response  error  and  adaptive  error  tolerance.  Physiological  indices  Included  integrated 
energy  in  eye  movement  and  muscle  potential  channels. 

To  divide  trials  Into  "alertness  conditions,"  that  Is,  "Alert,”  "Incipient  Fatigue" 
and  "Full  Fatigue,”  behavioral  variables  (Including  adaptive  error  tolerance,  response 
error,  reaction  time,  number  of  time-outs  on  response  trials,  and  number  of  responses 
on  catch  trials)  were  graphed  across  trials  for  each  session.  The  "Alert"  data  set 
consisted  of  trials  from  Session  2  with  optimal  performance  as  evidenced  by:  1)  low 
adaptive  error  tolerance;  2)  zero  time-outs  on  response  trials;  and  3)  zero  false 
responses  on  response- Inhibl t Ion  catch  trials.  Trials  from  early  portions  of  Session  3 
with  little  or  no  performance  decrement  formed  the  "Incipient  Fatigue"  data  set.  Trials 
occurring  later  in  Session  3  formed  the  "Full  Fatigue"  data  set. 

Avsiagftd  EBea 

Averaged  event-related  potentials  (ERPs)  were  time-locked  to  the  stimulus.  Effects 
of  fatigue  on  the  amplitude  of  grand-average  (over  subjects)  ERP  components  will  be 
summar I  zed  here;  a  more  detailed  anal  ye  i  s  wi  1 1  be  presented  el sewhere.  "Sub t  rac t ion 
ERPs"  were  formed  by  subtracting  Incipient  Fatigue  from  Alert  ERPs,  and  Full  Fatigue 
from  Incipient  Fatigue  ERPs. 

Ey»tu-Bamad  Cayaiiaocfls  (EBCa) 

Spat  I otempora I  neurophysiological  patterns  were  quantified  by  measuring  the  event- 
related  covariance  (similarity  of  amplitude-weighted  waveshape  and  between-channe I 
timing)  between  traces  from  all  combinations  of  pairB  of  electrodes  (8,14,15,16).  This 
type  of  analysis  was  developed  to  extract  spat lotempora I  patterns  characterizing  the 
rapidly  changing,  distributed  processing  networks  of  the  brain  during  goal-directed 
behaviors  17.8,10,11,13-18). 

ERCe  were  measured  across  brief  Intervals  of  bandpass-filtered,  f i va-sub ject- 
averaged  ERPs  for  each  alertness  condition;  changes  from  Alert  to  Incipient  and  from 
Incipient  to  Full  Fatigue  conditions  were  assessed  by  computing  ERCe  on  the  appropriate 
subtraction  ERPs.  Intervals  were  positioned  with  respect  to  ERP  peaks  elicited  by  the 
stimulus.  Interval  width  was  187  msec  and  a  "theta-band"  filter  (4  to  7  Hz)  was  used. 
ERCs  between  each  of  the  153  combinations  of  18  non-peripheral  Laplaclan  channels  were 
computed. 

ERC  features  were  the  maximum  absolute  value  of  the  tlmeeerlee  crosscovariance 
function  formed  when  the  covariance  function  was  computed  to  8  lags  (+/-62  msec)  for 
the  theta-band  intervale.  The  delay  specified  for  each  covarying  electrode  pair  is  the 
lag  time  of  the  maximum  absolute  value  of  the  crosscovar lance  function.  The 
significance  of  the  ERC  magnitude  was  determined  by  reference  to  the  standard  deviation 
of  an  ERC  "noise"  distribution  obtained  from  the  set  of  alert  trials.  Multiple 
comparisons  were  accounted  for  using  a  Duncan  procedure.  For  clarity,  the  top  third  of 
all  significant  ERCs  In  each  Interval  were  then  graphed  on  3-0  perspective  models  of 


the  heed,  or  on  eegittal  or  horwontal  view*  of  the  fcRI  scans. 


RESULTS 

BabaxleiaJ. 

In  the  origins!  data  sets,  performance  declined  significantly  over  the  three 
conditions  (F«12.5,  df«2,12,  p < . 00 1 ) .  Scheffe  post-hoc  tests  revealed  that  performance 
did  not  decline  significantly  from  the  Alert  (1.17  unit  departure  from  target  number) 
to  the  Incipient  (1.S1),  but  did  decline  significantly  from  Incipient  to  Full  Fatigue 
(2.08)  (F«12.28,  df=2,12.  p<  0.001).  The  number  of  false  responses  durino  no-response 
catch  trials,  as  well  as  the  number  of  time-outs  on  response  trials,  were  also  compared 
across  alertness  conditions.  A  significant  effect  was  revealed  for  the  number  of  false 
responses  (F*17.5,  df«2,12,  p<0.0002).  Scheffe  post-hoc  tests  revealed  that  the  number 
of  false  responses  Increased  between  Alert  and  Full  Fatigue  conditions  (F«1S.S6, 
df-2,12,  p < 0 . 0004 ) ,  and  between  Incipient  Fatigue  and  Full  Fatigue  conditions  (F»9.42, 
df«2,12,  p<0.003).  Although  the  number  of  time-outs  tended  to  increase  with  increasing 
fatigue  for  all  subjects,  the  effect  was  not  significant.  In  order  to  test  for  effects 
of  fatigue,  unconfounded  by  these  trends  of  declining  performance,  wn  selected  trials 
with  optimal  performance  from  each  condition  to  form  the  final  data  sets  (see  above). 


blsuoggbysigigaigal 

There  were  too  few  trials  in  the  no-response  trial  set  to  see  the  N1  peak  against 
the  noise.  In  the  response  trial  set,  the  N125  grand-average  ERP  peak  was  highly 
localized  to  the  midline  parietal  site  due  to  the  Laplacian  transformation.  Its 
amplitude  declined  slightly  (.18  to  .17  -uV/cm2)  from  the  Alert  to  Incipient  Fatioue 
conditions,  and  then  Increased  slightly  In  the  Full  Fatigue  condition  (.19  -uV/cm2) . 
The  P380  was  observed  In  five  channels  In  the  no-response  trial  set  (bilateral  and 
midline  anterior  central,  midline  frontal  and  central  sites).  Its  amplitude 
significantly  decreased  across  alertness  conditions  (F-7.3,  df-2,,2,  p  < .  0 1  > .  Scheffe 
post-hoc  tests  revealed  that  the  amplitude  of  P380  was  Significantly  smaller  in  the 
Full  Fatigue  averaoe  than  In  the  Alert  average  (F>7.3,  df«2,l2.  p<.01).  The  decrease 
In  P380  amplitude  rrom  the  Alert  to  the  Incipient  Fatigue  condition  did  not  reach 
statistical  significance  (Figure  1). 


M0T0S  INHIBITION 


VEST  rATICUEO  -  LIGHT  LINE 


Figure  1.  Stimulus-locked.  S-subject  Laplacian  Derivation  waveforms  from  the  midline 
anterior  central  (aCz)  electrode  site  for  the  Alert  (dark  line).  Incipient  Fatigue 
(dashed  line)  and  Full  Fatigue  (light  line)  conditions.  The  amplitude  of  the  P380 
dec  I ined  s i gn i f leant ly  from  Alert  to  Full  Fati gue.  Exiting  current  up. 
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For  the  Interval  spanning  the  st Imu I ua- locked  N125  peak,  none  or  the  ERCs  that  were 
computed  from  the  Aler t -mi  nut- Inc  Ip ient-Fat I gue  subtraction  ERPs  were  significant  for 
either  the  response  or  no-response  trial  sets.  There  also  were  no  significant  ERCs 
from  the  Inciplent-mlnus-Ful 1-Fat Igue  subtraction  ERPs  In  the  no-rosponse  trial  set. 
For  the  response  trial  set,  there  was  only  one  significant  ERC,  between  the  left  and 
right  posterior  parietal  sites. 

Paralleling  the  decrease  in  amplitude  of  the  P380  peak  In  the  no-response  trial  set, 
the  change  between  alertness  conditions  was  Indicated  by  the  pattern  of  significant 
ERCs  from  the  Aler t -minus- Inc ipient-Fa t igue  subtraction  ERPs.  Significant  ERCs  were 
observed  between  the  midline  anterior  central,  right  anterior  parietal  and  right 
posterior  parietal  sites  (not  shown).  No  significant  ERCs  were  found  for  Inclplent- 
ml nus-Fu 1 1 -Fa t igue  catch-trial  ERPs  (not  shown).  The  ERC  pattern  of  the  Alert 
condition  Involved  extensive  bilateral  and  midline  sites  (Figure  2,  left),  the 
Incipient  Fatigue  pattern  Involved  bilateral  and  midline  anterior  central  and  midline 
central  sites  (Figure  2,  right),  and  In  the  Full  Fatigue  condition,  there  was  a  single 
ERC  between  the  midline  anterior  central  and  midline  central  electrodes  (not  shown). 


Figure  2.  View  of  the  top  third  of  significant  be  tween-channel  stimulus-evoked  event- 
related  covariance  (ERC)  patterns  Spanning  the  P380  (281-468  msec)  for  the  Alert  (left) 
and  Incipient  Fatigue  (right)  conditions.  The  width  of  a  line  indicates  the 
significance  of  the  covariance  between  two  electrodes;  the  color  of  the  line  indicates 
the  time  delay  (lag  time  of  max Imum  covar I ance) .  Arrows  points  away  from  the  leading 
channel  towards  the  lagging  channel.  The  color  scale  at  the  left,  representing  wave 
amplitude,  covers  the  range  from  minimal  to  maximal  values  of  the  two  maps. 

ERCs  in  the  Alert  no-response  trials  in  the  interval  centered  380  msec  post-s t Imu I  us 
Involved  the  midline  frontal,  bilateral  and  midlins  anterior  central,  left  and  midllne 
central,  bilateral  anterior  parietal,  bilateral  and  midllne  parietal,  and  bilateral 
posterior  parietal  electrodes.  ERCs  in  the  Incipient  Fatigue  condition  only  involved 
the  bilateral  and  midline  anterior  central  and  midllne  central  electrodes. 


DISCUSSION 


We  have  reported  preliminary  results  of  a  study  that  used  state-of-the-art 
technology  to  document  neurophysiological  activity  associated  with  different  aspects  of 
perceptuomotor  and  cognitive  function  In  five  U.S.  Air  Force  test  pilots  during  three 
stages  of  alertness:  Alert,  Incipient  Fatigue  and  Full  Fatigue.  Over  one  billion 
bytes  of  data  were  collected.  We  have  summarized  the  results  high-load  visuomofor 
memory  task  (VMMT)  for  the  different  alertness  conditions,  and  have  discussed  the 
results  of  event-related  covariance  (ERC)  analysis  of  event-related  potentials  (ERPs) 
obtained  by  subtracting  the  grand-average  5-subject  ERPs  from  the  different  alertness 
states  for  the  stimulus-registered  event.  A  detailed  report  of  these  data  will  be  made 
elsewhere,  as  well  as  analyses  of  the  pre-stimulus-,  response-  and  feedback-registered 
events  of  the  VMMT,  relatively  accurate  and  inaccurate  performance  trials.  Follow-Up 
Rested  Session,  and  the  Auditory  Monitoring  and  Critical  and  Subcritictl  Tracking 
Tasks . 

These  first  results  are  quite  exciting  In  suggesting  how  fatigue  may  selectively 
affect  areas  of  the  brain  implicated  in  higher  cognitive  functlone.  The  N125  ERP  peak 
and  corresponding  ERC  pattern  during  the  first  200  msec  of  the  visual  stimulus 
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processing  were  relatively  unaffected.  By  contrast,  the  later  response- 1 nh I b 1 1 1  on  ERC 
patterns,  from  about  280  to  470  msec  post-stimulus  (and  to  some  extent  the  R380  peak 
amplitude),  clearly  showed  neurophysiological  changes  consequent  to  Incipient  fatigue. 
Consistent  with  results  of  a  previous  study  In  our  laboratory  or  vlsuomotor  performance 
[18],  the  midline  anterior  central  focus  of  the  P380  catch-trial  ERC  patterns  may 
reflect  changes  In  neural  systems  responsible  for  motor  Inhibition.  This  electrode 
overlies  supplementary  motor  and  premotor  cortices  involved  in  the  highest  level  of 
control  of  voluntary  movements  [19,20]. 

The  highly  specific  temporal  (ERP  peaks)  and  spatial  (ERC  patterns)  changes 
associated  with  time-on-task  suggest  that  the  patterns  are  due  to  localized  changes  in 
areas  of  association  cortex,  and  not  to  anatomically  diffuse  changes  associated  with 
decreased  overall  arousal.  We  are  currently  conducting  an  analysis  in  which  the  data 
sets  are  balanced  between  Alert,  Incipient  and  Puli  Fatigue  conditions  for  level  of 
accuracy;  by  partial ing  out  the  accuracy  effect,  we  will  be  able  to  confirm  that  the 
ERP  changes  and  ERC  patterns  are  due  to  prolonged  time-on-task  and  not  to  variability 
in  performance  accuracy  over  the  many  hours  of  task  performance. 

We  must  also  emphasize  that  while  the  ERC  patterns  reported  here  suggest  fatigue- 
related  degradation  of  functional  coordination  between  immediately  underlying  cortical 
regions,  the  actual  neural  sources  of  the  ERC  patterns  are,  in  fact,  not  yet  known. 
Determining  the  distributed  source  network  suggested  by  the  scalp  ERC  patterns  is  the 
major  focus  of  our  current  technical  efforts. 

The  present  results,  analyses  of  the  remaining  data,  and  source  localization  studies 
will  all  elucidate  the  differential  effects  of  Incipient  fatigue  on  areas  of  the  brain 
implicated  in  higher  cognitive  functions.  When  these  analyses  are  completed,  it  may  be 
possible  to  specify  studies  leading  to  the  design  of  on-line  devices  for  predicting 
"transient  cognitive  lapses"  and  performance  decrements  resulting  from  operational 
fat igue. 
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DIBCTOSIOW 


ABRAHAM,  UK:  Can  you  call  me  what  method  you  uaad  to  establish  the  baseline  for  your  CNVs?  If  I  under¬ 
stood  you  correctly,  there  were  a  series  of  events  going  on  one  after  the  other.  Is  that  correct? 

GEV1NS,  US i  Each  trial  took  about  6  aeconda  and  thore  was  an  intartrlal  interval.  The  CNV  measure  that 
we  used  was  the  Integrated  energy  of  the  CNV,  and  the  comparisons  were  between  conditions*  That  is,  the 
area  under  the  curve  was  compared  between  conditions.  The  CNV  measurement  wae  not  referred  to  a  baaellne 
aa  such. 

ABRAHAM,  UK:  Over  what  time  interval  was  the  Integrated  area  determined? 

GEVINS,  USt  The  window  width  of  the  covariance  wes  uaed  for  thie  purpose,  which  involved  Che  leet  400  me 
before  the  stimulus  wss  delivered. 

ABRAHAM,  UK:  This  Is  important,  because  It  seems  to  me  that  the  trials  showed  coneidereble  poet- 
imperative  negativity,  which  might  have  been  carried  over  into  your  baseline. 

GEVINS,  US:  Yes,  there  In  a  continuous  shift  throughout  the  trial,  and  it’s  probably  one  of  the  more  in¬ 
teresting  phenomena  that  occur#.  I  think  that  the  alow  potentials  which  Dr*  McCallua  showed  ere  very 
important  for  looking  at  changes  in  state  and  performance.  I  think  the  time  is  opportune  to  focus  atten¬ 
tion  again  on  these  types  of  potentials,  as  thay  seem  to  have  been  somewhat  Ignored  over  the  past  fifteen 
years  or  so. 

McCALLUM,  UK:  These  slow  potentials  Indicate  what  is  at  the  focus  of  consciousness.  If  you  overleern 
skills  and  they  become  automated,  then  a  diffarent  ayatam  is  Involved  and  you  do  not  see  slow  potential 
changes.  Dr.  Gevine,  you  show  very  nicaly  In  your  incipient  fatigue  condition,  how  the  focal  conscious 
conditions  are  disappearing.  You  can  continue  performing  the  same  tasks  at  the  tame  level  and  performance 
lasts,  but  you  are  clearly  in  a  different  central  state.  You  must  be  careful,  however,  because  this  focal 
state  ia  not  lost  only  through  fatigue,  end  you  will  see  the  drop  in  CNV  ov  alow  potential  at  other 
times.  You  only  have  to  divert  your  attention  elsewhere  from  the  teak;  e.g.,  whet  you  will  be  having  for 
suppsr,  to  sea  that  these  slow  potential  changes  will  drop.  So  before  you  use  them  operationally,  you 
must  be  aura  of  what  is  causing  these  slow  potentials  to  drop. 

KRAMER,  US:  I  have  an  observation  on  the  recognition  running  memory  task  that  you  used.  That's  the  task 
In  which  you  attempt  to  match  the  number  that  has  come  up  on  the  screen  with  a  finger  force  response  that 
Is  proportional  to  the  number  that  appeared  two  trials  back.  An  additional  complexity  was  that,  in  20%  of 
the  triala,  subjects  withheld  their  response  if  the  number  appearing  on  the  screen  matched  the  one  two 
trials  previously.  I  can  see  at  least  three  reasons  why  subjects  could  make  errors  in  conducting  these 
trials.  One  reason  could  be  that  they  did  not,  In  fact,  maintain  the  items  In  memory;  so  it  may  be  a  mem¬ 
ory  loading  problem*  Another  reason  could  be  that  they  might  have  forgotten  the  mapping  between  stimulus 
and  response;  i.e.,  the  proportional  push  on  the  button.  The  third  reason  could  be  that  they  did  not 
execute  the  response  correctly;  i.e.,  they  didn't  p:ish  the  correct  amount  of  force  although  their  original 
intention  was  correct.  I  think  in  this  particular  task,  it's  fairly  difficult  to  figure  out  why  errors 
occurred  when  they  did;  and,  therefore,  how  to  go  about  localizing  the  effects  of  errors. 

GEVINS,  US:  Those  are  good  points.  What  I  presented  was  only  the  results  pertaining  to  the  constant 
level  of  performance.  I  didn't  describe  the  results  from  the  really  bad  performances.  I  selected  trials 
from  alert,  and  incipient  and  full  fatigue  subjects  that  did  not  differ  in  performance  accuracy.  The 
results  that  I  presented  were  not  influenced  by  the  level  of  performance.  There  are  other  aspects  of  the 
tasks  that  affect  the  quality  of  performance  which  I  will  publish  separately.  I  will  eay  that  the  stimuli 
were  organized  so  the  numbers  on  successive  trials  always  differed  by  more  then  3,  and,  for  trained 
subjects,  the  error  of  response  was  always  less  than  10  units.  So  there  may  be  seta  of  trials  In  which 
there  is  a  reasonably  strong  inference  that  the  seta  of  errors  are  due  to  errors  of  memory  rather  than 
errors  of  response  execution.  One'  could  also  see  that  as  time  progressed,  and  the  pilots  became  fatigued, 
the  number  of  response  inhibitions  went  down.  That  clearly  reflected  e  degradation  in  ability  to  maintain 
the  image  of  two  numbers  in  their  minds;  in  other  words,  memory  was  clearly  degrading.  The  number  of 
times  that  they  didn't  respond  when  they  should  have  responded  also  went  down. 

GAILLARD,  NE:  I  have  some  difficulty  in  interpreting  your  results.  If  you  want  to  dichotomize,  you 
should  indicate  somehow  that  memory  processes  are  affected,  but  not  automatic  processing.  In  your  prepar¬ 
atory  Interval,  you  are  confounding  the  preparation  for  the  next  motor  response  and  the  activities  of  the 
memory  which  are  contingent  on  the  stimulus  that  had  Just  been  delivered.  Problems  will  arise  when  you 
compare  match/mismatch,  eame/diff erence,  or  target/non-target  features;  e.g.,  a  P300  may  be  a  misdiagnosed 
motor-related  positivity.  Would  you  have  the  same  type  of  results ;  e.g.,  when  no  motor  response  Is 
involved  but  the  same  memory  processing  is  involved?  Por  example,  you  could  ask  the  subject  just  to  count 
the  stimulus  or  not  to  give  a  fast  response,  but  to  give  a  relaxed  delayed  reuponae.  The  data  ahow  that 
these  .-ueasures  ere  sensitive  to  sleep  deprivation  and  fatigue,  but  it  le  also  possible  that  the  Interven¬ 
ing  variable  represents  the  effort  which  the  subject  pute  into  the  task. 

GEVINS,  US:  I  used  these  terms  to  describe  what  la  happening  during  the  pre-stimulus  period,  which  in¬ 
cludes  preparation,  maintenance  of  working  memory,  and  attention.  Likewise,  the  terms  that  ara  uaad  for 
motor  Inhibition  can  be  celled  reaction  to  novelty,  motor  inhibition,  end  maintenance  end  updating  of  the 
memory.  So  that  relates  to  the  terms  that  I  uaed.  Another  point  is  that  neither  the  stimulus-related 
processing  nor  the  motor  responses  changed  as  a  function  of  incipient  fatigue.  Whet  did  change,  however, 
were  those  Intervale  in  those  brain  components  that  are  associated  with  higher-order  cognitive  processes . 
The  important  thing  is  that  this  wes  a  very  difficult  task,  requiring  a  tremendous  amount  of  concentration 
and  maintenance  of  the  working  memory,  and  that  the  processes  were  Interfered  with  during  the  early  stages 
of  fatigue  well  before  they  showed  up  In  behaviour.  Another  point  la  that  when  we  subtracted  the  prepara¬ 
tion  response  from  the  inhibition  response,  what  remained  wae  a  left  frontal-right  parietal  pattern.  We 
had  the  earae  pattern  when  we  subtracted  the  feedback  response  from  the  preparation  response.  Prom  that,  t 
infer  that  this  pattern  relates  to  attention  and  maintenance  of  the  working  memory  as  opposed  to  the 
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preparation  and  caotor-inhibition  of  the  raaponaa  and  tha  raaponaa  updating. 


JESiiS.  ZSTlZ  "piwa'LiS*  0pHvMiCio0nao1  °! tht  :ru  biocyb«Mtic  ««u  th.t  y0u  ^  t0 

STI’rr5* 


f”"8*  ,T  thi.nk  th*  “““  woul1'  b«  “••ful  in  training,  but  I  would  not  like  to  eee  It  In  the  cockpit 

£  as: 

bteockpii  r  r-r.  ^;rd^/ 

*-  th.  i^thi  4  •ioui-“- 


LAKDOLT,  CAt  What  does  tha  unit  naaaura? 


nS‘  U  coaP1#x  <*  brain  electrical  and,  hopefully,  magnetic  activity  It  win 


th.ir’h.ada*  “°P«r‘“''«.  •*»  f  «>•  «“«*  of  letting  u.  put  the  r.th.r-inva.ive  devL  on 


PIGEAU,  CA;  I  would  like  to  sake  a  comment  about  your  data  where  vou  ahowad  th.  .1™.  .u. 


I 


A... 


FIGHTER  PILOT  PERFORMANCE  DURING  AIRBORNE  AND  SIMULATOR  MISSIONS: 
PHYSIOLOGICAL  COMPARISONS 

June  0.  Skelly,  Bradley  Purvis,  and  Glenn  Wilson 

Armstrong  Aerospace  Medical  Research  Laboratory 
Human  Engineering  Division 
Wright-Patterson  Air  Force  Base,  Ohio  45433 
USA 


1  SUMMARY 

!.  The  growing  importance  if  simulators  for  training,  research,  and  certification  focuses  attention  on 

f'  how  little  we  know  about  whether  the  behavioral  outcomes  obtained  in  a  simulator  really  represent  the 

operational  situation.  The  research  reported  in  this  paper  addresses  this  Issue,  and  proposes  the  use  of 
f  physiological  measures  to  examine  the  correspondence  between  pilot  responses  during  actual  missions  and 

comparable  simulated  missions. 

Physiological  measures  of  electrical  brain  activity,  heart  rate,  and  eye  movements  were  taken  while 
pilots  flew  tactical  training  missions  in  both  the  A-7  aircraft  and  simulator.  These  measures  did  dis¬ 
criminate  between:  (a)  flight  position  (wing  vs.  lead),  (b)  actual  and  simulated  flight,  (c)  type  of 
mission  event  (e.g.,  takeoff,  maneuvers,  weapons  delivery,  etc.),  and  (d)  individual  pilots. 

!  INTRODUCTION 

The  Human  Engineering  Division  of  the  Armstrong  Aerospace  Medical  Research  Laboratory  (AAMRL)  has 
been  conducting  real-time  design  simulations  in  support  of  the  Strategic  Air  Command  since  1959.  Our 
data  have  been  collected  in  high  fidelity  simulators  using  line  crewmembers.  We  have  always  been  proud 
of  the  measurement  precision  we  have  been  able  to  achieve  in  these  environments.  However,  until  recently 
we  have  not  had  technology  available  to  measure  a  crewmember's  physiological  responses  in  an  airborne 
environment  that  preserved  safety  of  flight  and  that  permitted  unobtrusive  reliable  recording.  This 
technology  is  now  available  and  AAMRL  has  initiated  a  unique  research  program  designed  to  establish 
systematic  methods  to  Identify  and  quantify  differences  in  behavioral  and  physiological  performance 
between  simulator  and  aircraft  environments. 

We  believe  our  objective  is  an  Important  one  in  view  of  the  increasing  use  of  simulators  for:  training; 
engineering  research;  and  licensing  and  certification.  Knowledge  of  HOW  and  WHERE  simulator  fidelity  affects 
crew  performance  is  necessary  before  these  simulator  applications  can  be  efficient  and  cost-effective. 
Hennessy  and  Oeutsch  (1)  have  stated  that  a  primary  reason  for  lack  of  knowledge  in  this  area  is  the  tra¬ 
ditional  belief  that  physical  correspondence  to  the  aircraft  is  the  principal  requirement  for  simulators, 
regardless  of  their  Intended  applications.  What  is  missing  in  the  traditional  approach,  is  understanding 
the  behavioral  requirements  that  are  neossary  to  produce  the  same  behavioral  outcomes  in  a  simulator  as 
occur  in  the  operational  situation. 

A  consequence  of  over-reliance  on  physical  fidelity  without  a  concomitant  attendance  to  behavioral 
requirements,  Is  data  credibility.  Since  we  do  not  know  with  any  certainty  how  well  obtained  behavioral 
outcomes  in  a  simulator  represent  the  operational  situation,  we  are  also  unable  to  objectively  refute  such 
comments  as:  "He  wouldn't  fly  that  way  in  the  real  aircraftl"  Thus,  performance  data  obtained  during 
simulator  missions  will  have  limited  credibility  until  we  are  able  to  answer  fundamental  questions  of: 

WHERE  during  simulated  and  actual  missions  is  there  most  likely  to  be  behavioral  correspondence  (or 
divergence)  to  the  flying  tasks?  WHAT  are  the  mission  factors  that  contribute  to  either  similarities  or 
differences  In  the  crewmember's  response?  HOW  much  of  a  difference  is  a  meaningful  difference  when  there 
is  a  lack  of  behavioral  correspondence  between  simulated  and  actual  mission  events?  However,  a  basic 
,  obstacle  to  answering  these  questions  is  that  before  we  can  determine  behavioral  correspondence,  we  must 

first  be  able  to  measure  performance  on  a  near  real-time  basis.  At  present  this  capability  is  limited, 
especially  in  operational  situations.  Our  approach  to  this  problem  is  to  measure  performance  in  terms  of 
the  crewmembers'  physiological  responses  to  the  workload  imposed  during  both  airborne  and  simulator 
missions.  In  this  way,  we  will  be  able  to  measure  the  physiological  correspondence  between  actual  and 
simulated  missions  on  a  near  real-time  basis. 

The  use  of  physiological  techniques  have  severa1  advantages  over  traditional  behavioral  and  subjective 
measures  taken  during  flight.  For  example,  physiological  measures  are  nonintrusive  and  continuous  and  ao 
not  require  the  introduction  of  artificial  stimuli  into  the  cockpit.  Researchers  (2),  (3),  (4)  have  shown 
that  these  techniques  can  be  used  successfully  in  operational  environments.  Their  data  show  that  during 
high  fidelity  simulated  wartime  missions,  changes  in  workload  variability  across  a  mission  are  reflected 
in  measures  of  electrical  brain  activity,  eye  movements,  and  heart  rate  activity.  These  changes  can  be 
directly  related  to  crewmember  flight  responsibility,  cumulative  fatigue,  and  cognitive  demands  associated 
with  different  types  of  mission  events,  (e.g.,  weapons  delivery,  threat  evasion,  terrain  avoidance,  and 
takeoff/landing).  Further,  since  these  measures  are  recorded  continuously, any  unforeseen  situation  arising 
during  flight  can  be  evaluated  in  terms  of  the  subsequent  physiological  changes  of  the  crewmember.  Thus, 
we  believe  that  physiological  measures  can  previde  important  information  about:  (a)  how  well  the  physio¬ 
logical  performance  outcomes  in  the  simulator  represent  the  operational  situation;  (b)  the  degree  of 
physiological  correspondence  between  simulated  and  actual  mission  events;  (c)  individual  differences  in 
response  to  the  same  mission  events;  and  (d)  what  behavioral  requirements  will  be  necessary  to  improve 
the  efficiency  and  cost-effectiveness  of  simulators. 
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METHODOLOGY 

For  our  first  study  we  chose  to  work  with  single  seat  fighter  aircraft  investigating  a  typical  train¬ 
ing  mission.  The  choice  of  the  tactical  environment  has  the  advantage  of  reducing  the  experimental 
complexity  as  compared  to  the  strategic  environment.  For  example,  the  tactical  mission  Is  shorter  (1  1/2 
hours  compared  to  a  minimum  5  1/2  hour  strategic  mission),  one  pilot  versus  multi-crew  positions,  and  last 
but  not  least,  a  simulator  training  mission  comparable  to  the  actual  training  mission. 

Experimental  Design 

We  used  a  complete  within  subject  design  In  order  to  make  comparisons  across  actual  and  simulated 
missions.  In  addition  to  the  aircraft  and  simulator  comparisons,  we  were  Interested  in  how  flight 
responsibility  might  affect  the  pilot's  physiological  responses.  For  this  comparison,  all  pilots  flew  the 
same  mission  twice  In  the  aircraft:  once  In  the  formation  lead  position  and  once  In  the  wing  position. 

We  hypothesized  that  since  the  flight  leader  is  responsible  for  success  of  the  entire  mission,  his  workload 
should  be  greater  than  the  wing  position.  For  example,  the  leader's  responsibilities  include:  (a)  mission 
planning  and  conducting  mission  brief  and  debrief;  (b)  navigation  and  tactics;  and  (c)  establishing  all 
altitude  and  route  changes  to  Insure  the  mission  progress.  With  these  differences  In  flight  responsibility, 
we  would  expect  changes  In  cognitive  load  to  be  reflected  In  the  pilot's  physiological  responses. 

And  finally,  we  wanted  to  Identify  significant  mission  areas  where  there  was  physiological  correspond¬ 
ence  (or  divergence)  between  the  actual  missions  and  the  simulated  one.  We  planned  to  examine  how  the 
pilot's  physiological  profile  during  the  simulated  mission  related  to  his  lead  and  wing  flights  In  the 
aircraft.  In  this  way  we  hoped  to  ascertain  WHERE  physiological  profiles  corresponded,  and  HOW  differences 
were  manifested  when  there  was  lack  of  correspondence.  Thus,  In  addition  to  the  two  actual  missions,  all 
pilots  flew  a  simulated  mission  of  comparable  length  and  complexity. 

Measurement  Techniques 

Our  physiological  measurement  techniques  were  selected  from  the  AAMRL  Neurophysiological  Test  Battery 
(NWTB) .  We  chose  to  measure  changes  in  heart  rate  activity  (ECG),  electrical  brain  activity  (EEG),  and 
eye  movements  (EOG).  These  measures  were  chosen  on  the  basis  of  reliability,  unobtrusiveness,  and  pilot 
comfort  during  nur  equipment  test  flights.  The  following  Is  a  brief  description  of  each  measure. 

Eye  Movements  (EOG).  This  procedure  is  relatively  easy  to  Implement  and  eye  movement  parameters  of 
blink  frequency  and  duration  are  sensitive  to  Individual  differences  In  attentlonal  demands  and  fatigue 
effects  (5).  The  eye  movement  signal  Is  relatively  insensitive  to  operational  "noise"  produced  by 
electrical  equipment  and  G  stress. 

Heart  Rate  (ECG).  This  technique  is  useful  for  measuring  workload  variability  across  different 
mission  segments.  The  technique  is  also  sensitive  to  changes  In  task  difficulty,  thus  making  It  useful 
for  looking  at  both  general  and  specific  workload  effects.  The  procedure  is  relatively  easy  to  implement. 

Electrical  Brain  Activity  (EEG).  These  techniques  are  useful  for  measuring  overall  fatigue  effects 
and  changes  In  attentlonal  states.  This  signal  is  sensitive  to  the  stress  of  high  G  environments. 

Date  Recording  Equipment 

A  compact  ambulatory  physiological  tape  recorder,  Del  Mar  Avionics  Model  5509  recording  system,  was 
used  to  collect  data  and  time  markers  accurate  to  a  second.  The  recording  system  was  worn  In  the  left 
leg  pocket  of  the  pilot's  G  suit  and  allowed  complete  freedom  of  movement.  The  unit  measures  6.6  Inches 
wide  by  3.75  Inches  In  depth  by  1.75  Inches  in  height  with  a  weight  of  1  lb.  -  14  oz.  The  system  is 
capable  of  24-hour  continuous  recording  of  eight  channels  of  physiological  data  along  with  an  event 
marker  channel.  It  Is  important  to  note  that  with  this  recording  system,  the  physiological  signals  are 
recorded  as  analog  signals  rather  than  digitized  during  recording. 

Recording  Procedures 

ECG,  EOG,  and  EEG  were  recorded  from  eight  Air  National  Guard  A-7  pilots.  To  enhance  conductance, 
skin  and  scalp  areas  were  mildly  abraded  with  an  alcohol  soaked  gauze  pad.  The  EEG  was  recor-.'rd  from 
electrodes  positioned  over  the  midline  parietal  area  and  referenced  to  the  right  mastoid.  Si -ver-sllver 
chloride  electrodes  manufactured  by  Del  Mar  Avionics  were  held  in  place  with  co'lodlon  and  filled  with 
conductive  electrode  gel.  Impedance  was  kept  below  5k  ohms.  The  EOG  was  recorded  from  two  electrodes 
positioned  above  and  below  the  right  eye.  Position  was  determined  by  the  fit  of  each  Individual  pilot's 
helmet  and  oxygen  mask.  The  ECG  was  recorded  from  two  chest  leads  with  the  negative  electrode  positioned 
at  the  manubrium  and  the  positive  electrode  positioned  at  the  fifth  rib  at  the  anterior  axillary  line. 

A  common  ground  electrode  was  positioned  on  the  right  side  approximately  at  the  level  of  the  seventh  rib. 

The  EOG,  ECG,  and  ground  electrodes  were  3M  Infant  Red  Dot  disposable  silver-silver  chloride. 

For  each  channel  of  data,  20  minutes  of  standard  calibration  signals  generated  by  Del  Mzr  equipment 
were  recorded  prior  to  subject  hook-up.  After  the  subject  cable  was  connected  to  the  recorder,  all 
signals  were  visually  checked  on  a  battery  operated  oscilloscope  before  cables  and  amplifiers  were  secured 
inside  the  pilot's  flight  suit. 

After  pilots  were  suited  and  the  recording  unit  placed  in  the  leg  pocket  of  the  G-sult,  a  SONY  model 
M-205  micro-cassette  recorder,  used  to  record  pilot  voice  communication  Inside  the  cockpit,  was  calibrated 
In  15  second  Increments  to  Insure  that  any  tape  distortions  would  not  affect  accurate  time  synchronization. 

It  was  necessary  to  have  audio  recorders  on  board  the  aircraft  so  that  we  could  obtain  pilot  narrative  and 
time  hacks  associated  with  each  mission  event.  These  time  designations  were  used  later  during  data  reduc¬ 
tion  to  locate  the  mission  events  on  the  physiological  data  tapes. 


The  physiological  recorder  clock  was  synchronized  prior  to  mission  briefing,  and  once  again  after 
the  briefing  when  all  pilots  synchronized  their  watches  to  the  mission  time.  After  time  synchronization, 
pilots  were  taken  to  the  aircraft  where  they  prepared  for  launch.  Once  Inside  the  cockpit,  the  audio 
recorders  were  positioned  and  secured  to  the  pilot's  knee  pad  and  both  recording  units  were  tested  prior  to 
takeoff.  The  audio  recorders  were  connected  to  the  aircraft  communication  system. 

Mission  Scenario 

The  aircraft  flown  in  this  stuoy  were  A-7D's,  single  seat  fighter  attack  aircraft.  The  aircraft  Is 
equipped  with  cannons  and  missiles  for  air-to-air  combat,  with  cannons  and  gravity  weapons  for  air-to- 
ground.  The  aircraft  Is  known  for  Its  very  accurate  attack  system. 

The  mission  we  selocted  for  the  study  was  a  battle  area  interdiction  (BAD  mission  profile.  The 
BA I  mission  Is  a  tactical  Air  Force  mission  which  Is  designed  to  take  aircraft  deep  Into  enemy  territory, 
far  behind  the  forward  edge  of  the  battle  area  (FEBA),  to  divert,  disrupt,  and  destroy  enemy  targets.  This 
kind  of  mission  does  not  require  extensive  coordination  with  friendly  forces,  due  to  It's  characteristics 
of  being  unescorted  and  independent  In  Its  operations.  The  BA'  mission  requires  the  pilot  to  fly  fast  for 
extended  periods  of  time  at  low  altitude.  Navigation  and  weapons  delivery  require  the  flight  to  maneuver 
and  employ  countermeasures.  Thus,  for  experimental  purposes,  this  mission  profile  Is  desirable  for  It 
provides  diversity  of  flying  tasks  within  a  structured  training  mission  where  the  pr  ‘-e  timing  and 
location  of  mission  events  are  known. 

The  selection  of  specific  mission  events  for  In-depth  analysts  was  based  on  e-^ei  ....antal  procedures 
"tailored"  to  a  mission  effectiveness  criteria  (see  Skelly  and  Purvis,  (2)  fcr  methodology).  The  basic 
Idea  is  to  sample  mission  segments  to  minimize  sampling  periods  without  sacrificing  information.  This 
means  selecting  mission  events  that  are  critical  to  mission  success  based  on  the  particular  mission  objec¬ 
tives  (In  this  case,  BA1  objectives)  and  sampling  these  events  across  the  mission  in  a  manner  that  will 
provide  adequate  representation  of  mission  routing  complexity.  Our  mission  was  90  minutes  In  length  and 
is  depicted  In  Figure  1.  The  route  shows  the  mission  events  that  were  of  primary  Interest.  The  following 
Is  a  brief  description  of  each  mission  event. 

1.  Formation  Takeoff.  A  four  ship  formation  takeoff  from  main  operating  base  (MOB). 

2.  Low  Altitude  Awareness  Training  Area.  The  area  depictod  on  the  map  as  the  military  operating  area 
(MOA).  Pilots  practice  low  level  terrain  avoidance/following  In  this  area. 

3.  Flyover  Update.  Shown  in  Figure  1.  at  point  C.  This  navigational  update  Is  the  first  In-flight 
baseline.  This  Is  used  as  a  baseline  sampling  segment  since  all  pilots  are  accomplishing  the  same 
sequence  of  flying  tasks  at  this  point. 

4.  Gun  Oink  Maneuver.  This  Is  where  the  aircraft  maneuvers  both  vertically  and  horizontally  to  negate 
guns  tracking.  The  maneuver  Is  performed  between  points  C  and  D. 

5.  Flyover  Update.  At  point  E  on  the  map,  this  Is  the  second  In-flight  baseline. 

6.  Slice  Maneuver.  This  maneuver  If.  a  360  degree  level  turn  and  Is  a  high  G  relatively  long  duration 
maneuver  performed  between  points  E  and  F. 

7.  "3"  left/"9"  right  maneuver.  This  maneuver  Is  high  G,  short  duration,  turns  of  90  degrees  performed 
between  points  F  and  G. 

8.  Pre-IP  Flyover  Update.  This  is  the  third  in-flight  baseline  at  point  G. 

9.  Flyover  Update.  This  is  the  fourth  and  final  in-flight  baseline  at  point  H  performed  before  the 
Initiation  point  (IP)  of  the  bombing  range. 

10.  IP  Inbound.  Pilots  are  entering  the  bombing  range  and  workload  Is  intense. 

11.  First  Run  Attack.  At  2,000  ft  ( AGl )  the  first  weapon  delivery  is  accomplished  with  a  20  degree  "pop-up. 
There  Is  a  formation  separation  Into  two  ship  elements.  The  bombing  range  is  designated  on  the  map. 

12.  Rejoin.  The  four  ships  then  move  out  In  a  rectangular  formation  for  second  weapon  delivery. 

13.  Weapons  Delivery  three  and  four  are  released  at  800  ft  (AGl). 

14.  Level  Bomb  Delivery.  For  weapons  delivery  five  and  six  there  is  a  200-300  ft  (AGL)  release.  This 
particular  run  1„  practice  for  poor  visibility  deliveries. 

15.  Switch  Pattern  Direction.  This  is  mutusl  support  strafing  north  to  south. 

16.  Climb  Out  Ths  four  ships  rejoin,  accomplish  bomb  check,  climb  to  cruising  altttude  back  to  MOB. 

This  is  shown  on  the  map  by  the  dotted  line. 

17.  Formation  Landing.  During  the  final  approach,  workload  Is  highest  during  gear  down  and  final 
approach  fix  call. 

These  mission  events  were  chosen  to  p'ovlde  Information  about;  (a)  workload  variability  across 
different  types  of  miss. on  events,  e.g.,  maneuvers  vs.  in-flight  baselines;  (b)  cognitive  and/or  physical 
demands  associated  with  levels  of  difficulty  during  bomb  runs  and  maneuvers;  and  (c)  comparability  of 
cognitive  demands  during  mission  events  between  simulated  and  actual  missions. 


Physiological  measures  were  collected  continuously  throughout  the  90  minute  missions,  but  In  order  to 
create  a  managoable  data  base  for  analysts  without  sacrificing  Information,  these  measures  were  selectively 
sampled  In  the  following  manner:  (a)  Mission  briefing  prior  to  the  flights  was  used  as  our  pre-flight 
baseline  data.  We  sampled  this  period  for  two  minutes  at  the  end  of  30  minutes  of  briefing  to  permit 
acclimation  to  the  recording  equipment  and  the  briefing  environment,  (b)  Takeoff  was  sampled  twice;  two 
minutes  continuously  Imnedlately  prior  to  takeoff  and  two  minutes  during  takeoff,  (c)  We  sampled  during 
low  level  awareness  training  after  five  minutes  in  the  MOA,  for  a  continuous  period  of  two  minutes,  (d) 

Our  In-flight  baselines  were  sampled  for  one  minute,  (e)  Maneuvers  were  sampled  for  one  minute  also. 

(f)  The  bomb  runs  over  the  range  were  sampled  continuously  for  15  minutes  since  It  was  impossible  to 
separate  the  discrete  bombing  activities,  (g)  During  the  high  altitude  cruise  leg  of  mission,  samples 
were  taken  10  minutes  after  achieving  altitude  for  a  period  of  two  minutes,  (h)  And  finally,  the  landing 
segment  was  sampled  beginning  one  minute  prior  to  touch  down  continuously  until  one  minute  after  touch 
down.  It  should  be  noted  that  we  recorded  data  from  all  pilots  continuously  for  each  90  minute  mission 
and  selective  sampling  was  done  to  achieve  manageable  data  bases.  There  is  always  the  available  option 
to  Increase  sampling  sites  and  review  data  from  unforeseen  events  during  any  part  of  the  data  analysis 
process. 

Oata  Reduction  Procedures 

After  the  physiological  data  were  collected,  there  was  extensive  preparation  of  the  data  prior  to  the 
data  reduction  and  analysis  procedures.  The  audio  tape  from  each  first  mission  was  transcribed  verbatim, 
then  the  elapsed  time  between  each  time  hack  given  by  the  pilot  was  documented  and  converted  into  real 
time  Intervals.  Finally,  the  time  intervals  were  corrected  for  differences  between  the  physiological 
recorders  and  the  audio  recorders. 

The  data  reduction  phase  was  also  labor  intensive  due  to  the  very  nature  of  collecting  these  measures 
in  operational  environments.  First  the  raw  data  wero  passed  through  the  Del  Mar  playback  unit  to  normal¬ 
ize  the  compressed  analog  signals.  The  signals  were  then  passed  through  adjustable  bandpass  filters  to 
permit  elimination  of  artifacts  associated  with  DC  shifting  and  extraneous  noise.  The  EEG  was  filtered 
from  . 1 hz  to  60hz  to  obtain  comprehensive  information  associated  with  pertinent  bandwidths.  The  ECG 
filter  settings  were  4hz  to  50hz  to  permit  measuring  the  R  to  R  interval  in  the  QRS  waveform  without 
unduly  distorting  the  R  wave.  This  setting  eliminated  high  frequency  noise  and  low  frequency  DC  shifting. 
There  was  no  additional  filtering  of  the  £0G  signal  over  the  Del  Mar  preset  filtering  of  duration  data. 

After  filtering,  the  data  were  digitized  and  analyzed  according  to  the  appropriate  test  parameters  on 
AAMRL's  Neurophysiological  Test  Battery  (NWTB).  These  analyses  provided  descriptive  statistics.  Additional 
inferential  data  analyses  were  accomplished  using  the  analysis  of  variance  (ANOVA)  procedures. 

Data  collection  for  this  first  study  was  over  a  six  month  period.  In  order  to  obtain  data  from  two 
airborne  flights  for  each  of  our  eight  pilot  subjects,  twenty-six  actual  missions  were  flown.  Ten  missions 
were  aborted  due  to  weather,  aircraft  equipment  failures  and  late  takeoffs.  An  additional  eight  missions 
were  cancelled  due  to  pilot  scheduling  problems.  During  the  missions  there  were  also  instances  where 
specific  mission  events  were  eliminated  due  to  weather  conditions,  loss  of  audio  communication,  and  range 
conditions.  Thus,  four  of  our  pilots  have  missing  data  in  at  least  one  mission  event  per  flight. 

Simulated  Mission 

The  simulator  used  in  this  study  was  an  A-7  high  fidelity  Weapons  Systems  Trainer  (VST)  equipped  with: 
(a)  135  degree  night  visual  system,  (the  system  could  accommodate  limited  peripheral  field  of  view,  e.g., 
from  10  o'clock  to  2  o'clock  positions,  but  not  9  o'clock  or  3  o'clock),  (b)  six  degree  of  motion,  (c)  full 
emulation  of  cockpit  instrumentation,  (d)  Heads  Up  Display  (HUD),  and  (e)  radar. 

The  pilots  were  instrumented  with  recording  units  at  their  fighter  base  approximately  two  hours  prior 
to  the  simulator  flight.  They  were  then  transported  45  miles  to  the  simulator  facility  for  a  scheduled 
two  hour  simulator  period. 

Prior  to  entering  the  cockpit,  pilots  were  outfitted  with  their  standard  flight  gear,  e.g.,  helmets 
with  oxygen  masks,  parachute  harness,  G  suit,  flight  gloves,  and  flight  suit.  Ail  pitots  were  briefed 
on  the  mission  and  objectives,  as  well  as  the  performance  objectives  of  each  phase  of  the  mission.  They 
were  provided  with  a  mission  map  and  data  card  containing  navigation  destination  data.  Formal  task 
direction  was  conducted  by  the  experimenter  at  the  simulator  console. 

The  experimenter  console  contained  the  full  complement  of  repeater  cockpit  instrumentation.  Position¬ 
ing  of  t.he  simulator  was  controlled  at  the  console  by  simulator  support  personnel.  These  personnel  were 
always  present  to  correct  or  analyze  any  abnormalities,  answer  experimenter  questions,  etc.  A  25  Inch 
CRT  provided  the  experimenter  with  a  repeater  display  of  the  pilot's  visual  scene  out  the  front,  through 
the  HUD.  Thus,  the  experimenter  was  able  to  monitor  pilot  performance  in  both  switchology  and  flight 
performance. 

The  mission  began  with  the  pilot  at  the  end  of  the  runway  preparing  tor  takeoff.  When  the  experimenter 
verbally  cleared  the  pilot  for  takeoff,  the  engine  was  brought  to  full  power  and  brakes  were  released.  The 
pilots  were  directed  throughout  the  mission  by  the  experimenter  to  perform  specific  mission  events,  e.g., 

maneuvers  at  mission  times  comparable  to  their  actual  flights.  Table  1  shows  the  time  line  comparison  of 

mission  flight  times  between  the  simulated  and  actual  mission.  The  time  line  is  shown  in  a  cumulative 

manner  with  all  events  shown  as  time  from  start  point. 
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OF  ACTUAL  AND  SIMULATED  MISSIONS 


Mission  Segment 

Aircraft 

Simulator 

Takeoff 

0+00 

0+00 

Flyover  Update 

0+15-20  min. 

0+15  min. 

Slice  Maneuver 

0+27-34  min. 

0+18-22  min. 

9  1  eft/9  right 

0+32-34  min. 

0+28-33  min. 

Pre-IP  Update 

0+34-36  min. 

0+31-36  min. 

IP  Flyover  Update 

0+38-47  min. 

0+36-40  min. 

Action  Point 

0+48  min. 

0+40-48  min. 

Pop-Up  Attacks 

0+49  min  -  1  hr.  10  min. 

0+41  min.  -  1  hr.  25  min. 

Approach  Landing 

1  hr.  +  15  min. 

1  hr.  +  28  min. 

Landing 

1  hr.  +  17-20  min. 

1  hr.  +  30  min. 

After  landing  the  pilot  exited  the  cockpit  and  the  physiological  instrumentation  was  removed.  All 
simulator  missions  were  flown  successfully  according  to  the  scheduled  plan.  !t  should  be  noted  that  because 
of  the  available  visual  system  in  the  simulator,  missions  were  flown  In  twilight  conditions  while  actual 
flights  occurred  during  daylight  hours. 

Performance  Scoring 

Each  simulated  mission  event  was  scored  against  a  specific  set  of  performance  criteria.  An  abbrevia¬ 
ted  list  of  these  performance  measures  is  shown  in  Table  2. 


TABLE  2. SIMULATED  MISSION  PERFORMANCE  MEASURES 


EVENT 
Takeoff 
Climb,  Cruise 
Descent 

Fence  Checks 
Low  Level  Navigation 
Position  Updates 
Threat  Countermeasures 


Target  Attack 


Target  Egress/Reattack 


Landing- Instrument  Approach 


MEASURES 

Airspeed/Climb  Mach 

Airspeed,  Altitude,  &  Heading 

Correct  Identification  &  Use 
AI  symbol 
ECM  Pod 

Accomplishment  of  Checks 

Maintenance  of  Appropriate  Altitude 

Switchology  -  Designation/Entry 

Proper  Identification 
ECM  Pod  Management 
Maneuvering 
Use  of  Chaff  S  Flares 
Control  -  Altitude/Airspeed 
Visual  Acquisition  (Missile) 

Pop-up  Point  Identification 
Pop-up  Parameters 
Altitude,  Airspeed,  S  Climb  Angle 
Target  ID 

Weapons  Release  Accuracy 

Reattack  Maneuvering 
Target  ID 

Weapons  Release  Accuracy 

Altitude,  Airspeed,  8  Localizer 
G11  deslope  &  Cou.-se 


These  data  were  then  combined  and  used  to  rate  pilots  on  a  scale  of  1-5  where  1  is  poor  performance  and  5 
is  excellent.  Pilot  ratings  were  made  in  four  categories  of  overall  mission  effectiveness:  first  pass 
effectiveness,  consistent  low  level  flying,  low  level  maneuvering  ability,  and  overall  situation  awareness. 

First  pass  effectiveness  refers  to  the  pilot's  ability  to  put  bombs  on  target.  A  score  of  5  indicates 
the  pilot  received  no  assistance  from  the  experimenter  and  all  bombs  were  on  target;  a  score  of  4  indicates 
there  was  a  slight  hesitation  during  the  pop-up  suggesting  some  planning  error;  a  score  of  3  indicates  more 
hesitation,  with  searching  for  the  target  at  the  top  of  the  pop-up  maneuver,  and  not  following  the  naviga¬ 
tion  equipment;  a  score  of  2  indicates  indecisiveness  by  an  initial  turn  to  the  left,  followed  by  a  weak 


( 
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execution;  <  score  of  1  Indicates  a  lack  of  planning,  turning  during  pop-up,  disregard  for  the  bearing 
pointer,  and  flnal'y,  experimenter  Input  required  to  complete  the  bomb  run,  The  second  category,  consis¬ 
tent  low  level  flying,  was  evaluated  according  to  an  altitude  criterion  of  100-300  ft.  AOI.  during  terrain 
avoidance/following  portions  of  the  mission.  A  score  of  5  was  flight  at  50-150  ft.  AGL;  a  score  of  4  was 
150-250  ft.  AGL;  a  score  of  3  was  250-350  ft.  AGL;  a  score  of  2  was  350-450  ft.  AGL;  and  a  score  of  1 
indicated  altitude  above  450  ft.  AGL.  The  thtrd  category  was  also  scored  on  low  level  flying  ability, 
however,  this  category  relates  to  the  pilot's  ability  to  stay  low  during  defensive  actions,  maintain 
orientation  control,  and  accomplish  all  maneuvers  at  300  ft.  A  score  of  5  In  this  category  Is  maneuvering 
at  300  ft.  AGL  or  below  (the  exception  Is  pitch  back  because  this  Is  a  climbing  maneuver);  a  score  of  4  Is 
300-500  ft.;  a  score  of  3  Is  500-700  ft.;  a  score  of  2  Is  700-900  ft.;  and  a  score  of  1  Is  altitude  above 
900  ft.  AGL.  The  final  category  refers  to  the  pilot's  general  situation  awareness  Including;  navigation, 
after  maneuver  recovery  and  return  to  low  level  altitude  of  100-300  ft.,  cockpit  swltchology,  and  In-flight 
checks.  A  score  of  5  indicates  consistent  situational  awareness,  that  is,  no  apparent  lapses  in  attention 
(e.fl.,  slowing  of  airspeed,  altitude  rise,  turning  In  the  wrong  direction,  etc.)  and  aggressive  return  to 
low  level  after  maneuvering;  a  score  of  4  Indicates  a  rare  lapse  of  attention  and  a  less  than  maximum 
recovery  performance  during  return  to  low  level;  a  score  of  3  indicates  multiple  lapses  of  attention  as 
shown  by  airspeed,  altitude,  turning,  etc.;  a  score  of  2  Indicates  the  pilot  experiencing  frequent  lapses 
In  attention;  and  a  score  of  1  Indicates  complete  loss  of  orientation  and/or  a  crash. 

RESULTS 

Simulator  Performance 

During  the  simulator  missions,  two  of  the  eight  pilots  crashed  and  one  pilot  had  a  near  crash  Incident 
during  a  pop-up  maneuver.  Pilot  overall  mission  effectiveness  ratings  appear  in  Table  3. 


TABLE  3.  SIMULATOR  MISSION  EFFECTIVENESS  RATINGS 


Pilot  # 

First  Pass 

Low  Level  Malnt. 

L  L  Maneuver 

Sit.  Awr. 

1  (H-H) 

5 

4 

4 

4 

2  (H-H) 

4 

2 

1 

3 

3  (H-M) 

2 

2 

4 

3 

4  (H-H) 

2 

5 

4 

4 

5  (H-H) 

4 

4 

3 

4 

6  (M-H) 

2 

4 

3 

3 

7  (H-H) 

4 

4 

2 

4 

8  (L-L) 

4 

5 

5 

5 

Overall  simulator  performance  showed  that  In  the  simulator,  pilots  had  the  most  difficulty  maintaining 
consistent  low  level  flying  and  accomplishing  effective  first  pass  weapons  delivery.  Pilots  scoring 
below  average  In  this  category  exhibited  weak  execution,  Indecisiveness,  and  initially  turning  the  wrong 
direction  resulting  In  prompting  from  the  experimenter.  Poor  performance  in  this  category  may  be  due  to 
the  limits  of  the  visual  system,  and  pilots  using  a  backup  heading  reference  due  to  an  inoperative  moving 
map  display. 

The  designation  oeside  the  pilot  number  shows  their  relative  experience  level,  a  combination  of  total 
aircraft  hours  and  hours  flown  In  fighter  aircraft.  The  first  letter  Indicates  level  of  experience 
according  to  the  total  number  of  aircraft  hours  where  High  is  1500  hours  or  more,  Medium  is  500-1500  hours, 
and  Low  is  less  than  500  hours.  The  second  letter  indicates  the  number  of  hours  flown  in  fighter  aircraft, 
where  High  is  1000  hours  or  more,  Medium  Is  500-1000,  and  Low  Is  less  than  500  hours.  In  general,  the 
mission  effectiveness  ratings  reflect  overall  flying  experienrp.  The  exception  was  pilot  //B,  with  relative¬ 
ly  low  flying  experience.  This  pilot  was  the  only  one  out  of  the  eight  pilot  subjects  to  have  completed  an 
intensive  special  Air  Force  training  program  In  low  level  flying. 

Physiological  Measures  of  Performance 

At  this  time,  data  reduction  is  complete  for  four  of  our  eight  subjects,  thus  the  statistical  analyses 
we  are  reporting  are  based  only  on  these  four  subjects. 

In  general,  the  physiological  data  obtained  in  the  simulator  did  not  exhibit  as  much  artifact  contamin¬ 
ation  as  did  the  flight  data.  We  were  able  to  obtain  useful  Information  regarding  our  planned  comparisons. 
For  example,  the  physiological  measures  did  discriminate  between:  (a)  flight  position  (wing  vs.  lead),  (b) 
actual  and  simulated  flight,  (c)  type  of  mission  event  ( e . g . ,  in-flight  baseline,  maneuvers,  weapons 
delivery,  takeoff/landing,  etc.j,  and  (d)  Individual  pilots.  In  addition  to  our  planned  comparisons,  we 
were  able  to  obtain  Interesting  data  regarding  two  unforeseen  events,  a  "bird  strike"  of  one  aircraft  and 
the  mid-air  incident,  where  the  lead  pilot  turned  Into  his  wing. 

Descriptive  Information  was  first  obtained  from  the  physiological  data  by:  examining  the  ECG  in  terms 
of  beats  ner  minute  (BPM)  and  Interval  beat  intervals  (1BI);  performing  a  spectral  analysis  of  EEG  data, 
where  the  amplitude  for  respective  bands  are  reported  Independently  and  not  as  a  proportion  of  total 
power;  and  examining  the  E0G  data  in  terms  of  blink  rate  (blinks  per  minute)  and  eyebllnk  duration  (see 
Stern  et  al.  (5)  for  technical  description  of  measurement  procedure).  A  repeated  measures  analysis  of 
variance  procedure  (AN0VA)  was  applied  to  all  descriptive  data. 


Ml aslon  Event*.  All  physiological  measures  discriminated  amono  type  of  mission  event  (e.g.,  briefing, 
takeoff,  maneuvers,  weapons  delivery,  etc,).  For  example,  ECQ  (BPM)  showed  a  significant  change  tn  heart, 
rate  across  the  fourteen  mission  events  tF(l3,39}*8, 55, p<. 00013;  EOG,  eyebllnk  duration  showed  a  similar 
change,  [F(13,39)*3.03,p<.003]  although  not  as  powerful  as  the  heart  rate  changes.  The  EEG  bands  were 
analyzed  separately  as  four  binds  where  Band  1*4-8hz,  Band  2*8-13hz,  Band  3-1 3-20hz ,  and  Band  4*20-30hz.  The 
change  across  events  was  significant  for  Band  I  [E(l3,3S)*5.49,p<.00l];  for  Band  2  [F(13,39)*3. 39, p<. 00163; 
for  Band  3  [F(13,39)*2.25,p<.023;  and  Band  4  [F(13,39)*2.46,p<,0153.  Bonferronl  contrast  tests  were  applied 
to  the  data  to  determine  how  the  events  differed.  Weapons  delivery  produced  the  highest  BPM  (mean* 104, 45 
BPM),  this  event  was  significantly  different  from  the  Briefing  end  cruise  segments  (76.79  BPM  and  88.48  BPM 
respectively).  All  EEG  bands  showed  the  highest  activation  for  tho  guns  jink  maneuver  and  the  lowest  for 
briefing  (e.g.,  Band  2,  6  mv  at  guns  jink  and  3.3  uv  at  brief).  Figure  2.  shows  changes  In  the  EEG  Band  2 
(a)  and  Band  3  (b)  over  selected  mission  events.  The  high  activation  associated  with  guns  jink  Is  typical 
of  all  four  pilots.  Events  associated  with  G  stress  generally  produced  more  Intensive  activation.  Eyebllnk 
duration  seems  to  also  have  been  affected  by  high  G  events,  the  longest  average  duration  was  152.5  msec, 
during  the  9  left/9  right  maneuver  and  the  shortest  durations  were  landing  end  pre-t.akeoff  at  124  msec,  and 
126  msec,  respectively,  Generally,  eyebllnk  duration  decreases  as  attentional  demands  Increase,  Indicating 
higher  workload.  In  this  case,  the  9  left/9  right  maneuver  was  the  highest  G  event  (between  5-6  G's)  as 
weli  as  a  visually  demanding  maneuver.  It  appears  that  the  EEG  and  the  eyebllnk  duration  measures  are  more 
sensitive  to  the  G  stress  than  heart  rate.  Blink  rate  did  not  discriminate  between  mission  events. 

Flight  Position.  Heart  rate  and  EEG  measures  discriminated  between  the  airborne  missions  and  the 
simulator  mission,  with  the  actual  flights  significantly  different  from  the  simulator  missions.  Heart  rate 
averages  for  the  lead  pos'tlon  were  100.7  BPM,  95.5  BPM  for  the  wing  position,  and  84  BPM  for  the  simulator 
[F(2,6)*5.17,p<.043.  EEG  activation  discriminated  the  actual  missions  from  the  simulator  mission  across  all 
four  bands,  with  Band  1  and  Band  2  exhibiting  the  most  change  [F(2,6)»11 .47,p< .008] ,  [F(2,6)*9.93,p<.01] 
with  an  average  amplitude  In  Band  2  of  2.5  pv  for  the  simulator  mission  and  5.2  uv  for  wing  and  4.9  uv  for 
lead  during  the  actual  missions.  While  the  EOG  measures  did  not  produce  significant  differences  between 
actual  and  simulator  missions,  eyebllnk  duration  [F(2,6)»1 .98,p< .23  averages  were  longer  for  simulator 
missions,  (149  msec.)  than  actual  missions  (125  msec.)  Indicating  overall  higher  workload  during  actual 
flight. 

Flight  Position  and  Mission  Events.  All  physiological  measures  showed  a  significant  Interaction 
between  mission  events  and  flight  position  (lead,  wing,  simulator).  The  EEG  Bands  3  and  4  showed  the  most 
significant  change  [F(24,63)*2.85,p<.0005]  and  CF ( 24 , 63 ) =3 . 25, p<. 00013  where  activation  Intensity  was 
higher  during  all  mission  events  In  the  aircraft  as  compared  to  the  simulator  (e.g,,  Band  3  mean  amplitude 
for  simulator  events  was  2.9  u'/,  and  5.7  uv  for  the  aircraft)  with  the  exception  of  the  pre-mission  brief¬ 
ing.  The  simulator  briefing  produced  an  enhanced  activation  compared  to  the  lead  and  wing  briefings  (e.g., 
Band  3  mean  amplitude  for  simulator  brief  was  3.7  uv,  2.8  uv  for  lead  end  1.9  uv  for  wing).  Nine  of  the 
mission  events:  pre-takeoff,  takeoff,  low  level  training,  first  flyover  update,  slice  and  9  left/9  right 
maneuvers,  cruise,  and  landing  showed  higher  activation  In  the  wing  position  as  compared  to  the  lead 
position.  The  four  remaining  events:  guns  jink  maneuver,  three  flyover  updates,  and  weapons  delivery, 
showed  higher  activation  In  the  lead  position.  Differences  in  all  cases  were  approximately  1  1/2-2  pv 
in  both  Band  3  and  4.  Tnis  suggests  that  EEG  activation  may  be  a  reflection  of  overall  workload,  a 
combination  of  cognitive  and  physical  demands. 

Eyeblink  duration  data  agree  with  the  EEG  results  In  discriminating  among  mission  events  as  a  function 
of  flight  position.  Durations  were  shorter  during  most  mission  events  (the  exception  was  the  flyover 
update  approaching  the  bombing  range)  when  pilots  were  flying  in  the  wing  position  (mean*125  msec.),  as 
compared  to  the  lead  position  (mean=140  msec.)  and  the  simulator  missions  (mean=150  msec.)  [ F ( 24 , 63 ) *= 

1 .98,p<.016] .  This  suggests  that  flying  In  the  wing  position  demands  a  higher  level  of  visual  attention 
than  either  the  lead  or  simulator  positions.  Eyeblink  rate  also  showed  a  similar  significant  Interaction 
pattern  [F (24 , 63 ) =1 . 67 , p< . 05 3 . 

There  was  no  significant  difference  in  heart  rate  between  lead  and  wing  flights  during  mission  events 
with  the  exception  of  the  flyover  update  events  CF ( 24 , 63 ) =3 . 69 , p< .0001 ]  where  early  updates  produced  a 
decrease  in  heart  rate  in  the  lead  position  (lead*89  BPM  vs.  wing=100  BPM)  and  later  updates  produced  a 
decrease  in  the  wing  position  (lead-100  BPM  vs.  wing=B7  BPM). 

Individual  Differences.  Physiological  response  patterns  of  individual  pilots  differed  significantly 
in  two  ways:  across  mission  events  and  by  pilot  flight  position.  In  both  cases,  our  four  pilots  can  be 
categorized  into  two  pattern  types.  The  first  pattern  type  seems  to  reflect  the  overall  workload  imposed 
by  the  flight  position,  cal)  this  pattern  Type  P.  The  other  category  is  a  pattern  of  response  Intensity 
that  appears  within  the  position  pattern,  call  this  pattern  Type  1.  For  example,  pattern  Type  P  is  most 
clearly  'illustrated  by  our  heart  rate  data  where  two  pilots  exhibit  highest  heart  rate  in  the  lead  posi¬ 
tion  and  lowest  rate  in  the  wing  position  (93  BPM  vs.  82  BPM  and  77  BPM  vs.  68  BPM).  Their  simulator 
heart  rate  is  most  similar  to  their  wing  data,  84  BPM  and  71  BPM  respectively,  For  the  other  two  pilots, 
heart  rate  was  lowest  in  their  simulator  runs  (85  BPM  and  80  BPM),  but  in  one  case,  the  lead  position 
was  higher  than  the  wing  (117  BPM  vs.  114  BPM)  and  Just  the  reverse  with  the  other  pilot  (116  BPM  vs. 

114  BPM).  These  two  pilots'  airborne  rates  are  similar,  but  significantly  different  from  their  simulator 
runs.  This  Interaction  of  individual  pilot  by  their  flight  position  was  statistically  significant 
[F(6,63)-27. 07. p<. 00013. 

Both  EEG  and  EOG  measures  reflect  this  interaction  pattern  as  well..  For  example  EEG  Band  4 
[F(C , 63) *14. 89, p<. 0001 3  and  eyeblink  duration  [F(6,63)*9. 52, p<. 00013.  For  two  pilots,  EEG  activation 
was  higher  in  the  lead  position  as  compared  to  the  wing  position  and  vice  versa  for  the  other  two  pilots. 

All  four  pilots  showed  the  lowest  activation  in  the  simulator  position.  Eyeblink  duration  also  discrimin¬ 
ated  between  pilot  groups  In  the  same  manner,  with  two  pilots  exhibiting  overall  longer  durations  In  the 
lead  position  as  compared  to  the  wing  position,  and  two  pilots  showing  overall  longer  durations  In  the 
wing  position.  Figure  3.  shows  eyebllnk  duration  over  selected  mission  events  for  pilot  #1,  This  pilot 
showed  a  pattern  of  generally  longer  eyebllnks  when  flying  In  the  lead  position.  Figure  4.  shows  eyebllnk 
durations  for  pilot  #5,  indicating  longer  eyeblink  durations  occur  most  often  in  the  wing  position.  For 
three  pilots,  the  simulator  produced  the  overall  longest  eyebllnk  durations,  the  exception  was  pilot  #1. 
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In  general ,  a  decrease  In  eyebl Ink  duration  Is  Indicative  of  Increased  attentions!  demands,  however, 
eyebllnk  duration  also  appears  to  be  affected  by  high  G  stress. 

The  physiological  profile  of  pattern  Type  I,  associated  with  patterns  of  response  Intensity,  Is 
most  clearly  represented  by  heart  rate  data,  This  pattern  Is  seen  In  the  significant  Interaction  between 
Individual  pilots  and  mission  events  CF( 39,63)»2 . 40 , p< .001 ] .  All  pilots  showed  distinct  peaks  across 
mission  events  where  heart  rate  was  significantly  higher  compared  to  other  events.  Two  pilots  (pilots 
#1  8  #2)  showed  peak  heart  rate  at  pre-takeoff,  takeoff,  and  weapons  delivery.  The  other  two  pilots 
(pilots  #4  8  #5)  showed  peak  heart  rate  at  pre-takeoff,  takeoff,  slice  maneuver,  and  weapons  delivery. 

Two  distinct  Intensity  profiles  emerge  for  these  pilots.  Pilots  #1  and  #2  show  a  pattern  of  heart  rate 
that  Increases  sharply  at  pre-takeoff,  then  decreases  at  takeoff,  Heart  rate  for  these  two  pilots  remains 
relatively  low  and  stable  throughout  the  mission  until  weapons  delivery,  where  the  Increase  Is  again  at 
takeoff  levels.  After  weapons  delivery,  their  heart  rates  return  to  previous  levels.  The  other  two 
pilots  show  a  much  different  profile.  There  Is  an  Initial  rise  at  pre-takeoff  and  another  rise  at  takeoff. 
After  takeoff  their  heart  rates  remain  relatively  high  throughout  the  mission,  peaking  again  at  the  slice 
and  weapons  delivery.  These  data  can  be  seen  In  Table  4.  where  heart  rate  In  BPM  Is  shown  across  the 
fourteen  mission  events.  The  data  Is  averaged  over  lead  and  wing  positions.  Mission  events  are  listed  as 
B«br1ef,  PT«pre-takeoff,  T«takeoff,  LL*low  level  training,  F1*f1rst  flyover  update,  o«guns  jink,  F2«second 
flyover,  S«sl1ce,  9L/9R»91«ft/9  right, F3*th1rd  flyover,  F4*fourth  flyover,  WD»weapons  delivery,  Ocrulse, 
and  LA»land1ng.  The  asterisks  denote  peak  heart  rate  events. 

TABLE  4,  HEART  RATE  DURING  MISSION  EVENTS 
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63 

87 

85 

62 

83 

81 

86 
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81 

72 

4 

82 

114* 
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111 
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130* 
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5 

86 

123* 

124* 
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111 

119 
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125* 

117 

110 

113 

129* 

112 

112 

Unplanned  Events.  Since  we  collected  our  data  continuously  throughout  all  missions,  we  were  able  to 
record  and  later  review  some  unique  mission  data  regarding  two  unforeseen  airborne  situations;  a  bird 
striking  one  of  the  aircraft,  and  a  mid-air  Incident  where  the  lead  pilot  turned  Into  the  wlngman. 

Figure  5  (a),  shows  heart  rate  and  blink  data  of  the  wlngman  involved  In  the  mid-air  Incident.  The  data 
show  low  stable  heart  rate  just  prior  to  when  the  pilot  perceived  danger  and  called,  "Look  out!";  then  a 
sharp  Increase,  followed  by  a  three  minute  recovery  to  prior  heart  rate  levels.  This  pilot  was  the  most 
experienced  one  in  the  group,  and  while  the  Incident  was  perceived  as  serious,  note  his  recovery  time. 

The  other  Incident,  a  bird  strike  Is  shown  in  Figure  5  (b).  The  pilot  had  just  cleared  some  power 
lines  when  he  was  struck  by  the  bird.  During  the  time  segment  shown,  the  pilot  was  evaluating  damage 
to  his  aircraft.  Again,  this  was  a  very  experienced  pilot,  note  the  recovery  time  to  previous  baseline 
levels,  approximately  one  minute.  In  both  cases,  the  pilots  were  two  of  the  most  experienced  in  the 
group  and  their  responses  to  those  situations  were  physiologically  and  behaviorally  remarkable. 

DISCUSSION 

Physiological  Measures 

All  physiological  measures  used  in  this  study  provided  useful  information  about  pilot  workload  through¬ 
out  a  mission,  and  how  a  pilot's  cognitive  demands  change  from  flying  in  the  lead  position  to  flying  the 
wing  position.  In  addition,  we  gained  important  information  about,  how  pilot  response  to  workload  during 
a  simulated  mission  differed  from  workload  imposed  during  actual  missions. 

EEC.  The  data  showed  that  the  EEG  is  a  useful  measure  in  this  environment.  The  EEG  data  Is  notable 
for  several  reasons.  First,  these  data  discriminated  overall  workload  associated  with  flight  position 
changes,  as  well  as  discrete  changes  in  workload  specific  to  each  mission  event.  During  high  G  events,  the 
EEG  8-13hz  band  (Band  2)  showed  increased  activation.  This  result  is  in  accord  with  the  findings  of 
Berkhout  et  al.  (6)  where  pilots  received  repeated  exposure  to  +Gs  acceleration.  Their  data  show  alpha 
activation  to  increase  under  real  or  perceived  stress.  Finally,  the  higher  frequency  bands  appear  to 
reflect  subtle  changes  associated  with  processing  routine  information,  as  opposed  to  new  or  novel  information. 
For  example,  the  EEG  beta  bands  (Bands  3  A  4)  showed  increased  activation  to  the  simulator  brief  as  compared 
to  both  lead  and  wing  briefing  sessions,  Between  the  lead  and  wing,  activation  was  higher  for  the  lead 
brief.  EEG  enhancement  for  the  simulator  brief  may  be  explained  by  the  unfamiliar  anu  novel  experimental 
situation  at  the  simulator  site.  When  the  pilot  flew  his  simulated  mission,  the  information  conveyed  to 
the  pilot  was  new  and  the  mission  circumstances  were  quite  different  from  the  typical  simulator  sessions 
pilots  were  accustomed  to.  That  is,  the  briefer  provided  the  pilot  with  a  different  set.  of  instructions 
and  flight  performance  criteria.  The  simulator  brief  was  the  only  event  during  the  simulated  mission  where 
EEG  activation  in  the  beta  frequency  bands  (Band  3  and  4)  was  higher  than  either  lead  or  wing  missions. 

Thus,  these  data  suggest  processing  demands  were  different  across  the  three  briefing  sessions.  In  a 
laboratory  situation,  Kay  and  Cole  (7)  also  found  beta  frequencies  were  enhanced  in  the  parietal  areas 
during  performance  of  cognitive  tasks. 

ECG.  The  ECG  data  show  that  the  type  of  mission  event  produced  significant  effects  on  the  pilot's 
heart  rate.  Since  each  subject  served  as  his  own  control  due  to  the  normal  between-subject  variability, 
the  one  hour  pre-flight  briefing  served  as  the  control  condition.  All  flight  events  were  associated  with 
higher  pilot  heart  rate  than  was  found  during  the  briefing  segment.  Heart  rate  appears  to  reflect  overall 
workload,  but  without  the  sensitivity  to  G  stress  exhibited  by  other  measure:.  The  in-flight  workload 
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studies  of  Roscoe  (8)  and  LI ndhol m  and  Sisson  (9)  note  that  heart  rate  was  less  affected  by  G  stress  than 
other  physiological  measures.  Further,  Roscoe  states  that  heart  rate  was  an  especially  sensitive  measure 
of  workload  when  the  situation  was  demanding  and  pilots  were  highly  experienced. 

A  final  Important  aspect  of  the  ECG  measures  was  the  discrimination  among  pilots  according  to  physio¬ 
logical  response  patterning.  Heart  rate  provided  the  clearest  discrimination  among  individual  patterns  of 
effort  expenditure  associated  with  pilot  response  to  changes  In  flight  responsibility  and  the  workload 
demands  of  specific  mission  events. 


EOG.  The  EOG  oyeblink  frequency  data  was  found  to  be  more  variable  between  subjects  than  the  ECG 
data.  In  general,  mission  segments  which  were  highly  demanding  on  the  pilots'  visual -perceptual  system 
were  associated  w.th  significantly  fewer  blinks.  Blink  frequency  did  not  show  the  same  degree  of  correlation 
with  event  difficulty  as  did  the  ECG  and  EEG  data.  However,  the  eyeblink  duration  data  proved  to  be  a 
sensitive  indicator  of  discrete  changes  in  pilots'  attentional  state.  In  general,  segments  where  visual 
attentlonal  demands  were  high  showed  a  decrease  in  blink  duration,  while  blink  durations  Increased  during 
segments  associated  with  lower  workload.  The  exception  was  an  event  where  pilots  sustained  the  highest  Gs 
(+6  Gs)  during  a  maneuver  (9  left/9  right).  Eyeblink  durations  were  longer  during  this  period  than  any  other 
event  m  the  missions.  This  occurred  In  both  lead  and  wing  flights.  This  lengthening  effect  on  eyeblink 
duration  was  negligible  during  the  other  two  maneuvers,  guns  jink  and  slice.  The  Gs  sustained  during  those 
maneuvers  were  approximately  +4Gs  to  +5Gs.  This  seems  to  suggest  that  above  +4Gs,  eyeblink  duration  is 
compromised  as  a  sensitive  measure  of  visual  attention. 


There  are  also  some  problems  with  obtaining  and  accurately  interpreting  eyeblink  rates.  First,  blink 
rate  can  often  increase  during  high  workload  situations  when  normally  one  would  expect  a  decrease.  For  that 
reason,  It  is  advisable  to  examine  the  pattern  of  eyeblink  occurrence.  In  high  workload  situations  there  are 
S'4®"  !)ft®nC8?kwhS!,t!!!  p1  rot  blink  for  1on9  Periods  (e.g.,  20-30  seconds)  followed  by  rapid  periods 

of  blinking.  The  flutter  blinking  may  result  in  a  paradoxical  Increase  in  blink  rate  during  high  workload 
events.  In  our  study,  b  ink  rate  data  is  confounded  for  two  pilots  due  to  weather  and  late  afternoon  sunlight 
conditions.  The  lead  flight  of  pilot  #1  was  made  during  difficult  haze  conditions  where  visibility  was  often 
only  45  miles.  It  Is  quite  possible  that  this  haze  condition  contributed  to  an  overall  enhancement,  of  blink 
rate  during  his  lead  flight.  The  situation  was  different  for  pilot  #2,  here  blink  rate  data  was  lost  due  to 
head  movements  and  squinting  during  late  afternoon,  bright  sunlight,  flight  conditions.  In  both  cases,  blink 
rate  may  not  accurately  reflect  actual  workload  conditions. 


While  these  data  were  reduced  off-line,  this  does  not  preclude  data  reduction  in  the  aircraft  for  the 
future.  In  fact,  our  laboratory  is  in  the  process  of  developing  more  efficient  data  reduction  capabilities 
for  eventual  airborne  usage.  Under  development  consideration  are  automatic  analysis  and  artifact  detection 
routines  to  be  developed  so  that  on-line  analysis  can  be  accomplished.  When  a  sufficient  physiological  data 
base  has  been  obtained  from  operational  environments,  these  routines  would  allow  the  researcher  to  specify 
levels  from  the  various  measures  that  indicate  high  and  low  workload  conditions. 


CONCLUSIONS 


We  conclude  from  our  data  that  physiological  measures  can  be  a  practical  and  efficient  tool  for 
measuring  performance  in  terms  of  a  crewmember's  response  to  workload  imposed  by  various  operational 
situations.  They  provide  data  not  otherwise  available  through  more  tranditional  techniques  on  a  near 
real-time  basis.  The  nonintrusiveness  and  continuous  nature  of  these  recordings  make  them  excellent 
candidates  for  more  widespread  use  In  both  military  and  civilian  flight. 

We  believe  this  first  study  is  an  Important  first  step  to  understanding  the  behavioral  requirements 
that  are  necessary  to  produce  the  same  behavioral  outcomes  in  a  simulator  that  occur  in  the  actual  opera¬ 
tional  situation.  In  this  study  we  found  that  flight  responsibility  and  type  of  operational  environment 
(simulator/aircraft)  were  important  factors  that  differentially  affected  pilot  physiological  responses 
during  the  missions.  We  believe  physiological  measures  can  be  Important  tools  for  identifying  and 
ultimately  quantifying  other  factors  as  well. 
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i  OYTENLOCH,  C8 1  You  or*  to  ho  eonondod  for  th*  woy  In  which  you  sad*  your  phyaiologleal  Mtiurtaonco  In 

I  an  operational  sactlng.  To  aaka  phyalology  airborne,  by  arranging  aqulpaant  which  la  aeall,  and  by 

!  placing  oacl.Uoacopaa  and  on-llna  fraquancy  anelyaara  on  an  aircraft  allow*  you  to  obtain  reaulta  that  are 

|  truly  aatoniahing.  Wa  hava  don*  alallar  work  with  itnlor  coat  pilot*  doing  aerobatic  manoeuvre*  In 

'  apeclal’.y-ar ranged  plane*  In  which  a  auddanly-appinrlng  engine  failure  had  been  Incorporated.  Th*  apac- 

tral  aacond-to^eacond  EEC  changaa  that  taka  place  era  ao  convincing  that  if  you  dlacua*  than  latar  on 
I  with  th*  test  pilot*  they  will  tall  you  that  they  didn't  think  It  waa  poaaible.  You  can  readily  tell 

j  whether  or  not  vlauat  irfowi'on  la  being  analyaadi  which  lnatrucanta  *r*  being  fixated  and  for  how 

long.  You  -an  a.a  whothai  tu*  i  la  ic otar  activity  In  controlling  the  atlck,  or  whether  there  la  more  In 
obaarvlng  the  flight  lnatrumenta. 

1  1  j 

1  VOGT,  OK:  1  admire  the  work  you  did  because  I  know  what  it  meant  to  collect  these  decs  in  the  noisy 

!  '  environment  of  sn  aircraft*  However,  I  wonder  how  you  are  going  to  Interpret  the  data?  If  you  apply 

physiological  measures,  then  you  will  require  a  second  measure  to  interpret  then  in  terns  of  task  perfor¬ 
mance*  For  example,  if  you  Increase  the  difficulty  of  a  task,  then  you  can  keep  performance  constant  by 

increasing  arousal,  which  will  show  up  in  your  physiological  measurement.  Do  you  think  that  the  task  of 
flying  ths  aircraft,  which  is  a  very  complex  teak,  was  constant  enough  in  its  difficulty  to  follow  these 
paradigms? 

j  S KELLY,  US:  Us  selected  the  events  that  I  reported,  as  based  on  a  mission-effectiveness  criteria,  end 

with  e  lot  of  consultation  with  the  operational  commands  about  what  they  viewed  subjectively  to  be  a  very 
difficult  high  workload.  We  would  hava  liked  to  have  had  on-board  rocorders,  but  those  particular  units 
5  were  not  available.  The  beet  we  can  do  la  to  look  at  differences  In  the  physiological  responses  to  the 

overall  mission  tasking  within  events.  Some  maneuvres  were  selected  on  the  basis  of  ths  slice  being  a 
hlgh-G  austainad  period  of  time;  the  others,  as  hlgh-G  short  duration  maneuvres*  The  eight  weapons 

deliveries  were  selected  with  various  altitudes  at  tha  "pop  up";  via*,  they  cterted  et  2000  feet  KGL  and 
went  down  to  S00  feet  (therefore,  the  overall  workload  should  hava  incraaaed  dramatically).  The  same  was 
true  for  the  level  events*  Given  the  operational  conatraints,  we  feel  thet  we  have  differences  in  work¬ 
load  or  difficulty  in  tha  tasks*  Tha  only  time  that  we  knew  that  the  pllote  were  doing  the  same  thing  at 

tha  same  time  waa  during  tha  in-flight  baselines  so  we  tracked  those*  We  had  takeoff  and  landing  done  as 

a  4-ahlft  formation  rather  than  in  the  technically  easier  aing.le-ahift  formation*  We  feel  that  each  time 
the  flight  path  was  flown,  whether  in  the  lead  or  wing  position,  it  waa  aa  constant  as  we  could  make  it, 
given  that  wa  had  very  little  control. 

KRAMER,  US:  I  wonder  if  you  could  speculate  on  the  relative  senaitivity  of  specific  components  of  the 
physiological  measures  to  specific  components  of  workload?  It  seems  that  they  are  fairly  diffuse;  l.e., 
that  thay  might  raflect  effective  perceptual,  cognitive  and  motor  commands  of  the  tasks. 

S KELLY,  US:  Wa  feel  that  heart  rate  especially  stems  to  be  an  overall  measure  of  both  physical  and  cogni¬ 
tive  load.  I  triad  to  demonstrate  that,  even  though  the  physical  load  waa  constant  with  G-atress  environ¬ 
ment,  wa  did  see  a  conatant  difference  between  flying  lead  and  flying  wing  that  must  Include  a  cognitive 
aspect.  In  contraat,  the  eye  blink  duration  waa  picking  up  eomethlng  different.  (Eye  blink  duration  also 
discriminates  between  wing  and  lead  positions.)  When  the  pilots  wars  flying  in  the  wing  position,  then  at 
a  particular  point  in  the  mission  at  which  they  were  required  to  maintain  a  conatant  formation  spacing, 
then  eye  blink  duration  waa  much  shorter  than  that  in  pilots  in  the  lead  position.  The  eye  blink  rate  waa 
a  vary  disappointing  measure;  we  lost  a  lot  of  data  here.  The  causes  for  this  are  that  you  have  huge 
movements  under  G-atreaa,  pilots  squint  whan  flying  Into  tha  sun,  and  ao  on  and  ao  forth.  In  previous 
high-fidelity  simulator  missions,  the  eye  blink  measure  was  the  beat  one  but  there  we  didn’t  have  any 
gross  movements  *  In  contraat  to  EEC  and  heart  rate  measures,  I  think  tha  aye-bllnk-duratlon  measure  seems 
to  be  vary  eenaitive  to  visual  attentions!  demands. 
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EVENT-RELATED  AND  STEADY  POTENTIAL  CHANGES  IN  THE 
BRAIN  RELATED  TO  WORKLOAD  DURING  TRACKING 

W.  C.McCallum,  R,  Cooper  end  P,  V.  Pocock 

Burden  Neurological  Institute,  Stoke  Lane,  Stapleton, 
Bristol,  BS16  1QT,  U.K. 


SUMMARY 


In  two  experiments  ERPs  and  slow  potential  changes  have  been  recorded  from  normal  subjects 
performing  a  visual  tracking  task  In  which  the  level  of  difficulty  was  systematically  varied.  In  the 
second  experiment  a  secondary  discrimination  task  was  added  to  Increase  the  level  of  operator  load  and  to 
probe  the  allocation  of  cerebral  processing  resources. 

The  most  notable  feature  to  emerge  was  a  protracted  slow  potential  shift,  associated  with  the 
primary  task.  The  amplitude  of  this  shift  proved  to  be  sensitive  to  the  difficulty  manipulations  such 
that  Increased  difficulty  resulted  In  Increased  negativity.  However,  a  memory  task  Introduced  In  the 
early  part  of  each  trial  tended  progressively  to  decrease  the  amplitude  of  the  shift  as  the  memory  demand 
Increased.  ERPs  to  the  Individual  points  of  decision  and  response  during  the  course  of  a  trial  were  also 
found  to  be  sensitive  to  the  level  of  task  loading. 

The  Introduction  of  the  secondary  task  resulted  In  a  possible  further  increase  In  the  negative  shift 
to  tracking,  but  In  reductions  In  the  amplitude  of  late  cognitive  components  of  tne  secondary  task  ERPs 
compared  with  their  levels  when  this  task  was  presented  on  Its  own. 


INTRODUCTION 


Studies  of  varying  levels  of  task  demand  and  the  consequent  allocation  of  processing  resources,  using 
brain  electrophyslological  changes  as  indices  of  the  processing  concerned,  have  been  carried  out  by  a 
number  of  workers.  Among  the  most  extensive  have  been  those  of  the  group  working  at  the  University  of 
Illinois  at  Urbana/Champaign.  This  group  has  tended  to  concentrate  upon  the  late  positive  components  of 
the  event-related  potential  -  particularly  the  P300  component  -  as  the  physiological  index  of  principal 
Interest  (1,2, 3, 4).  Typical  experimental  paradigms  have  Involved  the  use  of  dual  tasks,  In  which  spare 
processing  capacity  during  a  relatively  demanding  primary  task  has  been  probed  by  the  use  of  a  secondary 
task  of  the  classical  "oddball"  kind  favoured  In  P300  experimentation.  Such  experiments  have  successfully 
demonstrated  resource  reciprocity  between  the  tasks  such  that,  as  the  demands  of  the  primary  task  increase, 
the  amplitude  of  P300s  associated  with  that  task  Increase  whereas  those  associated  with  the  concomitant 
secondary  task  decrease  (5,6,7). 

Our  own  group  has  also  demonstrated  the  sensitivity  of  P300  to  task  demand  (8),  but  has  in  addition 
shown  that  the  amplitude  of  the  slower  potential  changes  (SPs)  Is  also  sensitive  to  varying  levels  of 
demand.  Most  of  these  effects  have  been  revealed  through  changes  In  the  amplitude  of  the  contingent  negative 
variation  (CNV)  which  increased  with  Increased  task  complexity  (9),  The  CNV  Is  normally  viewed  as  a 
preparatory  phenomenon,  but  one  which  Is  closely  related  to  the  level  of  Involvement  of  the  Individual  with 
the  task  concerned.  This  Involvement  factor  has  been  described  under  a  number  of  different  headings,  such 
as  motivation  (10,11),  anticipated  energy  output  (12)  and  attention  (13,14,115,16). 

Most  CNV  experimentation  has  tended  to  Investigate  preparatory  Intervals  of  at  most  a  few  seconds. 

There  are,  however,  strong  Indications  that  comparable  negative  shifts  may  extend  over  considerably  longer 
periods  of  time  In  appropriate  circumstances.  These  may  reflect  more  sustained  changes  of  state  closely 
associated  with  the  level  of  processing  resources  being  deployed  on  the  task  which  is  currently  focal  for 
the  individual.  Investigation  of  these  protracted  changes  necessitates  the  use  of  DC  recording;  that  Is 
to  say  amplifiers  must  be  directly  coupled  and  no  time  constants,  as  normally  used  In  EEG  recording,  allowed 
to  offset  the  slowly  changing  potential  differences. 

DC  recording  from  the  human  scalp  at  the  usual  levels  of  EEG  amplification  has  been  notoriously 
difficult  for  a  variety  of  reasons.  However,  with  Improvements  In  technology,  particularly  In  the  design 
and  stability  of  amplifiers  and  electrodes,  such  recording  has  become  possible  over  extended  periods  of 
time.  Using  these  developments  we  have  been  able  to  study  DC  shifts  associated  with  continuous  Involvement 
tasks  in  which  the  level  of  load  on  the  operator  could  be  systematically  varied.  We  have,  at  the  same  time, 
been  able  to  investigate  the  more  transient  ERPs  recorded  to  discrete  Individual  events  requiring  decisions 
or  action  within  the  course  of  the  task. 

The  principal  task  used  In  these  studies  has  been  a  visual  tracking  task.  In  the  first  of  the  series 
of  studies,  the  results  of  which  will  be  reported  In  this  paper,  several  factors  affecting  task  difficulty  - 
but  all  Intrinsic  to  the  task  -  were  manipulated  to  vary  the  level  of  load  on  the  operator.  In  a  second 
study  we  have  added  to  this  primary  task  a  secondary  task  to  enable  us  to  Investigate  the  additional  Issues 
of  capacity  and  resource  reciprocity.  Preliminary  findings  from  this  study  will  be  reported  briefly.  In 
further  studies  we  are  currently  seeking  to  separate  the  contributions  made  to  the  overall  load  by  the 
cognitive  and  mutor  aspects  of  task  demand. 

METHODS 


Experiment  1 

Twenty-four  right-handed,  normal  subjects  performed  the  tracking  task;  seven  were  female.  All  were 
In  good  health  and  their  ages  ranged  from  20  to  47  years. 


24-: 


Each  subject  sat  at  a  table  facing,  at  a  distance  of  90  cm,  a  video  monitor  on  which  the  task 
generated  by  a  microcomputer  was  presented. 

On  the  table  was  mounted  a  Joystick,  operated  by  the  subject's  right  hand,  and  a  series  of  buttons, 
operated  by  the  left  hand.  The  tracking  trials  each  had  a  duration  of  approximately  28  seconds.  Prior 
to  the  start  of  a  trial  a  fixation  spot  appeared  In  the  centre  of  the  previously  blank  screen.  Subjects 
were  required  to  fixate  this  spot  whenever  It  was  present.  An  auditory  warning  signal  of  rising  and 
falling  frequency  announced  the  beginning  of  the  trial  proper,  One  second  after  the  onset  of  this  signal 
the  fixation  spot  was  replaced  In  the  centre  of  the  screen  by  either  one,  three  or  six  letters.  These 
remained  on  for  3  seconds  and  were  memorised  by  the  subjects  as  potential  "targets"  operating  during  the 
current  trial.  Two  seconds  after  their  disappearance  the  object  to  be  tracked,  a  letter  "X"  appeared 
moving  across  the  screen.  This  letter  was  "neutral"  In  that  It  was  never  included  among  the  memory  set 
target  letters,  Its  onset  was  responded  to  as  rapidly  as  possible  by  the  subject  pressing  the  first  of 
the  left  hand  buttons.  This  produced  on  the  screen  crosswires  with  which,  using  tne  Joystick,  the  subject 
began  to  track  the  "X".  After  a  period  of  time,  which  could  vary  between  1  and  10  seconds  from  trial  to 
trial,  the  "X"  changed  Into  another  letter  of  the  alphabet.  The  subject  had  then  to  decide  whether  the 
new  letter  was  a  target  -  l.e.  was  Included  In  his  current  memory  set  -  or  not,  If  it  were  a  target  he 
pressed  the  left  hand  of  his  second  pair  of  buttons  to  engage  It;  If  not  he  pressed  the  right  hand  button 
of  this  pair.  In  either  case  he  continued  to  track  the  letter. 

After  11  seconds  from  letter  onset  a  small  flashing  rectangle  appeared  at  the  bottom  of  the  screen. 
Indicating  that  the  letter  was  then  "In  range".  If  It  were  a  target  tne  left  hand  button  of  the  next  pair 
had  to  be  pressed  to  "fire"  at  It;  If  not  the  right  hand  button  was  pressed.  This  latter  action  erased  the 
crosswires  and  terminated  tracking.  For  targets  tracking  continued  for  a  further  2  or  4  seconds  until 
either  the  sound  of  an  explosion  Indicated  that  a  "hit"  had  been  achieved  or  all  movement  simply  halted, 
Indicating  a  "miss".  A  second  or  two  later  the  fixation  spot  reappeared,  eye  fixation  then  being  held 
until  the  end  of  the  trial,  approximately  3  seconds  later.  Between  trials  the  screen  remained  blank. 

Forty-eight  such  trials  constituted  the  experimental  set  for  each  subject.  They  were  preceded  by  a 
comparable,  but  not  Identical,  training  set,  also  of  48  trials.  Trials  varied  In  difficulty,  based  on 
changes  In  a  number  of  parameters.  The  first  of  these  related  to  the  speed  of  movement  and  linear  distance 
travelled  by  the  letter.  This  could  be  either  rapid  and  over  a  relatively  long  distance  or  slow  and  over  a 
short  distance.  The  second  parameter  was  movement  perturbation;  the  letter  could  either  move  smoothly  along 
Its  linear  track  or  be  subject  to  Irregular  lateral  movements.  Memory  load  was,  as  already  Indicated,  varied 

by  requiring  subjects  to  remember  1,  3  or  6  letters  on  each  trial,  along  the  lines  of  a  Sternberg-type  memory 

task  (17).  A  further  factor  affecting  trial  difficulty  In  a  more  limited  way  was  the  timing  of  letter 
"unmask";  that  Is  the  time  at  which  the  letter  revealed  Itself  as  a  target  or  non-target.  This  was  at  one 
of  six  different  times  after  Initial  letter  onset.  The  first  of  these  times  (1.0s)  was  experienced  by 
subjects  as  more  difficult  than  the  others  because  It  generally  occurred  at  the  stage  during  which  the  target 
was  being  acquired.  Of  the  remaining  times,  the  last  (10.0s)  was  slightly  more  difficult  subjectively  than 
the  others  because  of  Its  proximity  to  the  In-range  signal.  The  factors  affecting  difficulty  were  balanced 
across  trials,  with  the  exception  of  unmask  times,  which  were  varied  In  a  less  structured  way  as  their 
function  was  primarily  to  prevent  this  time  from  being  readily  predictable.  Instructions  given  prior  to  each 

series  of  48  trials  laid  emphasis  on  the  need  for  both  accuracy  of  tracking  and  speed  of  button  pressing 

responses. 

EEG  was  recorded  continuously  throughout  the  48  experimental  trials,  but  not  during  the  training  set. 
Recording  was  from  specially  prepared  silver-silver  chloride  scalp  electrodes  located  at  Fz,  Cz,  Pz  and  Oz. 
Each  was  referred  to  a  linked  pair  of  similar  electrodes  at  the  mastolds.  Vertical  electro-oculogram  (VEOG) 
was  recorded  from  a  pair  of  silver-silver  chloride  electrodes  above  and  below  the  right  eye.  Horizontal 
electro-nculogram  (HEOG)  was  recorded  from  a  pair  of  similar  electrodes  at  the  outer  canthl. 

All  recording  was  with  directly  coupled  amplifiers,  a  filter  setting  of  70  Hz  and  recording  gains  of 
50  pV/cm  for  EEG  channels  and  200  pV/cm  for  E0G.  A  further  VEOG  channel  was  recorded  In  parallel  with  a 
time  constant  of  1.2  sec.  This  was  used  as  part  of  a  procedure  to  compensate  the  EEG  channels  for  eye  blinks 
without  making  compensations  for  slower  changes  at  the  E0G  electrodes.  It  was  considered  that  no  safe 
assumptions  could  be  made  about  the  origins  of  the  latter  If  present.  The  procedure  entailed  using 
potentiometer  adjustments  to  feed  back  a  proportion  of  the  VEOG  to  the  neutral  (white)  side  of  the  EEG 
Input  until  It  exactly  compensated  for  -  l.e.  eliminated  -  any  eyebllnk  contribution.  Each  EEG  channel  was 
separately  compensated  In  this  way. 

No  adjustments  of  DC  recording  levels  was  permitted  during  trials.  Where  necessary  such  adjustments 
were  made  during  the  period  of  eye  fixation  immediately  prior  to  a  trial.  Amplified  EEG  and  E0G  from  all 
channels  was  sampled  continuously  by  a  PDP-12  computer  and  digitized  at  a  rate  of  5  ms  per  point.  Samples 
for  a  period  of  28.16  seconds,  beginning  7  seconds  before  letter  onset,  were  stored  on  digital  tape  for  all 
error-  and  artefact-free  trials.  Any  rejected  trials  were  repeated  at  the  end  of  the  set  to  ensure  that 
data  on  all  48  trials  were  collected  from  all  subjects. 

Speed  and  accuracy  of  performance  were  measured  by  taking  reaction  times  for  each  button  pressing 
response  and  by  sampling  tracking  error  -  l.e.  the  distance  of  the  tracking  crosswires  from  the  letter  - 
every  100  ms.  A  mean  tracking  error  was  also  computed  for  the  time  between  the  "acquisition"  of  the  letter 
and  termination  of  tracking. 

From  the  EEG  and  E0G  data,  28.16  second  samples  were  computed  both  within  and  across  subjects.  Within 
subjects  the  averages  were  for  (a)  all  trials;  (b)  all  targets  and  all  non-targets;  (c)  all  long/fast  and  all 
short/slow  trials;  (d)  all  perturbed  and  all  non-perturbed  movements;  (e)  for  each  of  the  three  memory  set 
sizes;  (f)  for  each  of  the  six  unmask  times.  Similar  grand  averages  were  computed  across  subjects  and, 
additionally,  across-subject  grand  averages  were  computed  for  each  individual  trial.  All  amplitude 
measurements  were  made  with  respect  to  a  baseline  established  as  the  mean  level  of  activity  over  0.5  second 
prior  to  the  auditory  warning  stimulus. 
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Experiment  2 

Ten  normal  adult  subjects  have  so  far  been  tested  In  this  experiment  which  Is  still  In  progress.  In 
form  It  Is  similar  to  Experiment  1,  although  the  primary  tracking  task  has  been  modified  In  some  minor 
respects  and  further  conditions  added  In  which  that  task  Is  combined  with  a  secondary  task.  The  secondary 
task  has  both  a  visual  and  an  auditory  version,  all  subjects  experiencing  both.  The  new  sequence  of 
conditions  Is  as  follows: 

Condition  1  Secondary  Task  A  (alone) 

Condition  2  Primary  Task  (alone) 

Condition  3  Primary  Task  plus  Secondary  Task  A 
Condition  4  Secondary  Task  B  (alone) 

Condition  S  Primary  Task  plus  Secondary  Task  B 

The  primary  task  has  the  following  differences  from  that  already  described.  The  auditory  warning 
signal  Is  replaced  by  a  visual  signal,  achieved  b.y  causing  the  eye  fixation  spot  to  flash  for  1  second 
prior  to  display  of  the  letter  sets.  Letter  unmask  times  have  been  reduced  from  6  to  3  and  now  occur  at 
3.0,  5.5  and  8.0  seconds  after  letter  onset.  To  each  linear  track  followed  by  the  letter  crossing  the 
screen  has  now  baen  added  a  reciprocal  track;  the  overall  design  has  been  balanced  for  these  new  tracks, 
which  were  added  to  ensure  no  systematic  bias  by  virtue  of  eye  movements.  The  midpoint  of  each  track  now 
lies  on  the  mid  horizontal  axis  of  the  monitor  screen. 

The  visual  form  of  the  secondary  task  Is  based  on  a  circular  array  of  eight  light  emitting  diodes  (LEDs) 
which  surround  the  screen.  These  light  up  for  200  ms  In  one  of  three  patterns:  a  four  diode  square,  a  four 
diode  diamond,  or  a  circle  of  all  diodes.  Each  pattern  can  occur  In  either  red  or  green,  giving  a  possibility 
of  6  separate  stimulus  conditions.  When  the  secondary  task  Is  combined  with  the  primary  task  12  such  stimuli 
(2  of  each  combination)  are  delivered,  beginning  with  the  advent  of  the  primary  task  warning  stimulus  and 
ending  26  seconds  later.  Inter  stimulus  Intervals  range  between  2.0  and  2.75  seconds  and  stimuli  occur  In 
a  pseudo-random  order  which  varies  on  each  trial.  With  the  exception  of  the  first,  no  secondary  task  stimulus 
is  coincident  with  a  discrete  primary  task  stimulus.  One  secondary  task  stimulus  combination  (the  red  square) 
Is  designated  a  target.  Its  occurrence  has  to  be  responded  to  as  rapidly  as  possible  by  the  subject  pressing 
an  additional  bar-switch  operated  by  the  left  thumb. 

The  auditory  form  of  the  secondary  task  also  entails  the  presentation  of  six  separate  stimulus 
combinations  In  a  similar  manner  and  at  the  same  times  as  for  the  visual  version.  In  this  case  the  stimuli 
are  high  (1850  Hz),  medium  (1250  Hz)  or  low  (850  Hz)  tone  pips  of  200  ms  duration  delivered  to  either  the 
left  or  right  ear  via  headphones.  The  high  tone  In  the  left  ear  Is  designated  as  the  target. 

In  Conditions  1  and  4,  one  of  the  secondary  tasks  Is  presented  on  Its  own.  That  Is  to  say  48  sets  of 
12  stimuli  are  presented  exactly  as  described  above,  but  without  the  presence  of  the  primary  task,  Half  of 
the  subjects  undertake  the  visual  version  first  and  half  the  auditory.  In  all  cases  the  secondary  task  data 
Is  sampled  at  the  same  rate  (5ms/pt)  as  the  primary  data  and  averages  are  computed  for  all  of  the  first  eleven 
stimuli  within  a  given  trial  and  for  each  of  these  stimuli  Individually  across  the  48  trials.  These  averages 
are  for  2.56  seconds,  beginning  500  ms  prior  to  stimulus  onset. 


RESULTS 


Experiment  1 


The  averaged  waveforms  revealed  a  consistent  pattern  of  DC  shift  throughout  each  trial,  the  amplitude 
of  the  shift  being  related  to  the  difficulty  factors  present  In  a  given  trial.  An  example  of  a  typical  trial 
Is  given  In  Figure  1 . 


Following  the  ERP  to  the  onset  of  the  warning  stimulus  there  was  a  rising,  CNV-Hke,  negativity  as  the 
subject  prepared  for  the  onset  of  the  letters  to  be  memorised.  Letter  onset  elicited  a  further  ERP  complex 
and  the  negativity  was  generally  sustained  throughout  the  exposure  period.  After  letter  offset  a  further 
negative  rise  occurred  In  preparation  for  the  appearance  of  the  letter  to  be  tracked.  The  ERP  complex  to 
this  event  was  characterised  by  a  prominent  posterior  late  positive  component  and  an  anterior  negative 
component  apparently  linked  to  the  subject  "enabling"  the  tracking  system.  A  sustained  negative  shift  then 
accompanied  the  first,  stage  of  tracking  to  the  point  at  which  the  "X"  changed  to  a  target  or  non-target.  A 
prominent  ERP  complex  was  elicited  by  this  unmask,  the  principal  feature  being  a  series  of  late  positive 
components  with  latencies  extending  to  700  msec  or  longer.  These  led  to  an  accelerated  negative  rise  which 
reached  Its  peak  at  the  time  of  the  In  range  signal,  the  response  to  which  was  followed  by  yet  another  rise 
In  negativity  when  the  letter  was  a  target.  This  culminated  In  a  variable  response  complex  depending  upon 
whether  a  hit  or  miss  occurred.  For  non-targets  the  negative  shift  stabilized  following  the  In  range  signal 
and  the  consequent  terminating  button.  A  final  small  response  occurred  to  the  reappearance  of  the  fixation 
point  and  generally  the  negativity  began  to  subside  by  the  end  of  the  averaged  epoch,  although  In  most 
Instances  it  was  still  showing  substantial  negativity  at  this  time,  relative  to  Its  pre-trial  baseline. 

The  DC  shifts  were  found  to  be  sensitive  to  the  experimental  manipulations  In  the  following  ways: 

(a)  The  average  of  all  "lona/fast"  trials  showed  a  significantly  Increased  negative  shift  from  the  time  of 
appearance  of  the  letter  "X"  (see  Fig.  2)  compared  with  the  "short/slow"  trials  (Fig.  2).  These  differences 
became  highly  significant  ( p<. 00 1 )  from  2-4  seconds  onwards  and  were  widespread;  (b)  Over  a  similar  period 
all  trials  with  movement  perturbation  showed  a  significantly  Increased  negative  amplitude  compared  with  those 
without  such  perturbation  (Fig,  3).  However,  In  this  Instance  the  difference  was  essentialiy  confined  to  the 
vertex;  (c)  The  three  levels  of  memory  set  -  l.e.  1,  3  or  6  letters  -  showed  DC  amplitude  differences 
beginning  Immediately  after  the  onset  of  the  letters  on  the  screen  (Fig.  4).  The  negative  shift  during  this 
phase,  which  extended  until  2  or  3  seconds  after  onset  of  the  "X",  was  largest  for  the  1  letter  set  and 
progressively  decreased  over  the  3  and  6  letter  sets,  actually  becoming  positive  for  the  6  letter  set  at 
posterior  electrodes.  The  amplitude  differences  between  letter  sets  1  and  3,  and  between  1  and  6  were  highly 
significant,  but  those  between  sets  3  and  6  reached  significance  only  at  electrode  Oz.  Not  surprisingly, 
targets  and  non-targets  showed  no  significant  DC  differences  prior  to  the  In  range  signal;  both  had  to  be 


tracked  In  an  identical  fashion  up  to  that  point.  Thereafter  the  negative  shift  continued  to  rise  only  to 
the  target,  the  difference  between  targets  and  non-targets  being  significant  over  the  centro-parietal  region 
at  this  stage. 


figure  1:  Grand  average  waveforms  across  all  subjects  for  a  typical  single  trial  in  which 
the  tracked  letter  was  a  target  moving  rapidly  over  a  relatively  long  distance, 
but  without  movement  perturbation. 

Each  of  the  stimuli  conveying  discrete  experimental  information  resulted  In  a  clearly  defined  ERP 
complex.  With  the  exception  of  the  auditory  warning  stimulus,  these  events  were  visual.  Nevertheless,  the 
morphology  of  the  resultant  ERPs  varied  substantially,  their  form  being  as  follows: 

letter  onset:  N100;  P220;  N280;  P350;  N550/P475* 

object  onset:  N160;  PZ20;  N270;  P320;  N470 

letter  unmask:  N160;  P230;  N260;  P320;  N360;  P430;  P500;  N600;  P730 

In  range  signal:  N200;  P290;  N350;  P400;  N/P530 

The  amplitude  and  peak  latency  of  each  of  these  components  was  measured  from  the  grand  average  of  each 
trial  for  each  electrode.  The  measures  were  made  with  respect  to  a  pre-stimulus  baseline,  represented  by 
the  mean  level  of  activity  over  the  250  msec  Immediately  prior  to  the  stimulus.  ERP  differences  resulting 
from  the  various  difficulty  factors  were  then  examined. 

Significant  amplitude  differences  were  found  between  all  of  the  ERP  components  to  letter  onset  on 
short/slow  trials  and  those  on  long/fast  trials.  Difference  waveforms,  derived  by  subtracting  the  latter 
from  the  former,  revealed  the  presence  of  an  extended  negative  shift  of  around  -3.0  uV,  having  Its  onset 
about  80  ms  after  the  appearance  of  the  object.  Closer  Inspection  determined  that  this  was  In  fact  the 
onset  of  the  sustained  OC  difference  already  reported  between  long/fast  and  short/slow  trials.  Anteriorly 
Its  onset  appeared  to  be  delayed  slightly  -  or  temporarily  occluded  -  by  a  response  complex  associated  with 
the  making  the  "enable"  response. 

ERP  latency  differences  associated  with  the  presence  of  movement  perturbation  occurred  to  both  object 
onset  and  the  In  range  signal.  Movement  perturbation  significantly  lengthened  the  latency  of  N160,  P220, 
N270  and  P320  at  Fa  and  Ca  of  P220  and  N270  at  Pa  for  object  onset.  At  Oa  only  N160,  P220  and  P320  showed 
significant  delays.  To  the  In  range  signal,  perturbed  trials  had  significantly  longer  latencies  for  P290 
and  P400  at  all  electrodes  and  for  N350  at  electrodes  Pa  and  Oa  only. 

The  principal  effect  of  target  stimuli  was  associated  with  the  unmask  stimulus.  The  latencies  of  N160 
(at  Fa,  Ca  and  Pa)  and  P430  (at  Ca  and  Pa)  were  significantly  longer  and  the  amplitude  of  N600  (at  Fa,  C\ 
and  Pa)  was  significantly  smaller  for  targets  compared  with  non-Urgets. 


Footnote:  ‘Indicates  an  anteriorly  negative/posteriorly  positive  component  of  the  kind  usually 
referred  to  as  Slow  Wave. 
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figure  4:  Grand  averages  of  all  trials  In  which  the  memory  set  size  was  6  letters  (thick 
trace),  3  letters  (medium  thickness  trace),  and  1  letter  (thin  trace). 

The  effects  of  letter  set  size  manifested  themselves  principally  as  amplitude  differences  In  the  ERPs 
to  object  onset  and  letter  unmask.  For  object  onset  the  amplitudes  of  N270  and  P320  were  least  negative/ 
most  positive  to  the  single  letter  set  and  most  negative/least  positive  to  the  six  letter  set.  The 
differences  between  letter  sets  1  and  6  were  significant  at  all  electrodes.  The  amplitude  of  these 
components  to  the  three  letter  set  invariably  occupied  an  Intermediate  position,  but  only  at  Pz  were  P320 
differences  significant  between  all  three  letter  set  sizes*  for  N270  at  Pz  the  differences  between  sets  3 
and  6  failed  to  reach  significance.  For  the  unmask  stimulus,  the  amplitude  of  P430,  P500,  N600  and  P700 
were  all  less  positive/more  negative  at  electrodes  Cz,  Pz  and  Oz  to  the  6  letter  set  compared  with  the  one 
letter  set  and  with  the  three  letter  set.  Of  these,  only  the  N600  difference  at  Oz  failed  to  reach 
significance. 

A  one-way  ANOVA  performed  on  the  ERPs  to  letter  unmask  showed  a  significant  effect  of  unmask  time  on 
the  amplitude  of  P320,  N430,  P500  and  N600  at  electrodes  Pz  and  Oz,  with  the  single  exception  of  P430 
amplitude  at  Oz. 

Speed  of  performance,  as  measured  by  RT  to  the  main  experimental  events,  showed  a  mean  of  507  ms  to 
letter  onset,  1152  ms  to  letter  unmask  and  922  ms  to  the  In  range  signal.  None  of  the  difficulty  factors 
manipulated  during  the  experiment  resulted  In  significant  differences  In  RT,  with  the  exception  of  movement 
perturbation,  which  resulted  In  significantly  Increased  RT  to  the  In  ranqe  signal,  and  letter  set  size, 
which  showed  significant  RT  differences  to  both  letter  onset  and  letter  unmask.  RTs  were  shortest  for  the  1 
letter  set  and  longest  for  the  6  letter  set. 

Significant  correlations  were  found  between  RT  and  certain  ERP  components  -  particularly  late 
components  -  to  the  same  event.  For  object  onset  there  were  significant  correlations  between  RT  and  the 
amplitude  of  N270  at  Fz  and  Pz,  and  the  amplitude  of  P320  at  Pz  and  Oz.  For  unmask  there  were  significant 
correlations  between  RT  and  amplitude  of  P320,  P430,  P500,  N600  and  P730.  For  P430  these  were  significant 
at  all  electrodes  and,  for  P500,  at  all  electrodes  except  Fz.  The  remainder  were  significant  only  at 
posterior  electrodes.  For  the  In  range  signal,  RT  correlated  significantly  with  both  amplitude  and  latency 
of  P290,  N350,  P400  and  N/P530.  The  latency  correlations  did  not  reach  significance  at  Oz  for  P290  or  at 
Fz  and  Cz  for  N3S0.  For  the  remaining  components,  only  at  Fz  were  there  no  significant  correlations 
(except  for  P400  latency).  Where  significant  correlations  occurred,  Increased  latency  of  RT  was  associated 
with  decreases  In  the  amplitude  of  positive  components  and  Increases  In  the  amplitude  of  negative  components. 
Where  ERP  latency  correlations  occurred,  longer  RTs  were  Invariably  associated  with  longer  ERP  component 
latencies. 

Accuracy  of  performance,  as  measured  by  mean  tracking  error,  showed  highly  significant  differences 
between  perturbed  and  non-perturbed  trials  (p<0001),  perturbed  trials  not  surprisingly  showing  the  higher 
error.  There  were  no  significant  differences  In  tracking  accuracy  dependent  upon  other  manipulations  of 
trial  difficulty,  A  comparison  of  the  across-subject  grand  averages  of  the  12  trials  showing  the  highest 
tracking  error  with  the  12  trials  showing  the  lowest  tracking  error  showed  DC  differences  very  similar  to 
those  between  perturbed  and  non-perturbed  trials.  Those  with  the  higher  error  showed  the  more  negative  DC 


amplitudes.  Mean  tracking  error  was  found  to  correlate  significantly  with  a  number  of  Individual  ERP 
components,  The  significant  correlations  for  letter  onset  were  principally  with  N160,  P220,  N270  and  P320 
latencies  at  all  electrodes  except  Fi  and  Cx  for  N160,  Ox  for  N270  and  Pi  for  P320.  The  other  main  pattern 
of  correlation  was  with  the  P29n,  N350  and  P400  components  to  the  in  range  signal.  In  the  case  of  P290 
this  correlation  was  at  all  electrodes,  but  for  latency  only.  For  N350,  correlations  were  significant  for 
amplitude  at  Fz,  Ci  and  Oi  and  for  latency  at  Pi  and  Oi  only.  For  P400,  both  amplitude  and  latency  were 
significantly  correlated  with  tracking  error  at  all  electrodes  except  Fz.  For  N350  and  P400,  decreased 
accuracy  (Increased  tracking  error)  was  associated  with  Increased  negativity  or  decreased  positivity. 
Increased  tracking  error  was  Invariably  associated  with  Increased  ERP  latencies  In  the  components  concerned. 

An  evaluation  of  the  EOG  evidence  and  of  the  contribution  of  possible  sources  of  artefact  will  be 
dealt  with  later  In  the  discussion  of  results. 

Experiment  2 

Results  have  so  far  been  obtained  from  10  subjects.  Data  from  the  first  two  subjects  were  treated  as 
pilot  data  and  resulted  in  minor  adjustments  being  made  to  experimental  procedures.  Their  data  has  therefore 
been  excluded  from  our  preliminary  evaluation  which  has  been  carried  out  on  8  subjects.  Because  it  Is  too 
early  for  a  comprehensive  statistical  analysis  of  results,  we  will  confine  ourselves  to  a  brief  description 
of  the  results  obtained  so  far  and  the  light  they  shed  upon  Experiment  1. 

The  waveform  pattern  produced  by  the  primary  task  alone  Is  similar  to  that  seen  In  Experiment  1.  In 
the  limited  number  of  subjects  so  far  tested  It  has  been  less  prominent  posteriorly  than  previously,  but 
otherwise  the  protracted  negative  DC  shift  has  emerged  as  a  robust  and  consistent  phenomenon.  The  use  of 
reciprocal  tracks  has  virtually  eliminated  any  residual  possibility  that  such  shifts  can  be  attributed  to 
eye  movement  artefacts.  Nevertheless,  In  this  second  experiment  the  waveform  differences  between  long/fast 
and  short/slow  tracks  have  largely  disappeared,  which  must  leave  open  the  question  that  these  particular 
differences  were  Influenced  by  unidirectional  eye  movements  of  different  magnitude,  even  though  the  EOG  data 
from  the  original  experiment  did  not  obviously  support  this  explanation  and  their  distribution  was  not  that 
of  the  normal  aye  field.  More  reassuringly  the  DC  differences  between  perturbed  and  non-perturbed  trials 
are  very  similar  to  those  recorded  In  the  first  experiment,  as  are  those  between  the  three  letter  set  sizes. 
Once  again  there  are  no  marked  differences  between  DC  levels  for  trials  In  which  the  letter  was  a  target 
compared  with  those  in  which  It  was  a  non-target,  except  for  the  period  following  the  In  range  signal. 
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Figure  5:  Grand  averages  from  Experiment  2  for  8  subjects.  The  thick  trace  Is  for  all 

trials  In  Condition  2  (Primary  -  tracking  -  task  oRly),  The  thin  trace  Is  for 
all  trials  In  which  the  auditory  version  of  the  secondary  task  was  combined 
with  the  primary  task.  Time  scale  Is  In  seconds. 

The  presence  of  the  secondary  task  In  the  combined  trials  -  Conditions  3  and  5  -  does  not  greatly  change 
the  basic  pattern  of  the  DC  waveform  extending  through  trial.  There  are,  however,  tentative  indications  that 
the  negative  DC  shift  itself  may  be  larger  In  amplitude,  particularly  In  the  case  of  the  auditory  secondary 
task  (see  Fig.  5),  which  was  reported  by  all  subjects  to  be  subjectively  the  more  difficult  of  the  two  when 
combined  with  the  primary  task.  Nevertheless,  even  with  the  presence  of  the  secondary  task,  the  differences 
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of  DC  level  due  to  the  various  difficulty  manipulations  persist  In  much  the  same  form  as  In  the  primary 
task  alone.  ERP  complexes,  superimposed  on  the  DC  shift,  are  clearly  discernible  for  each  secondary  task 
stimulus. 

ERPs  to  secondary  task  stimuli  showed  the  characteristic  range  of  components  associated  with  auditory 
and  visual  stimuli  In  an  odd-ball  discrimination  task  -  viz.  Nl,  P2,  N2,  P3  and  Slow  Have.  The  actual 
latency  structure  for  target  stimuli  In  the  visual  task  presented  alone  was  N150,  P18Q,  N275,  P410,  P68Q 
(a  protracted  positivity  extending  over  several  hundred  milliseconds).  For  the  equivalent  auditory  targets 
the  structure  was  N10Q,  P18Q,  N275,  P325,  N/P600  (an  anteriorly  negative,  posteriorly  positive  protracted 
slow  wave). 

The  use  of  6-way  discrimination  tasks  resulted  In  the  whole  range  of  components  being  visible  both  to 
targets  and  non-targets.  Late  components  to  targets  were  generally  larger  than  those  to  non-targets,  although 
latencies  to  both  were,  with  the  exception  of  the  N2  component,  very  similar.  When  the  secondary  task  was 
presented  on  Its  own  the  peak  latency  of  N2  to  visual  targets  was  275  ms  and  to  non-targets  305  ms.  Hhen 
this  task  was  combined  with  the  primary  task,  the  latency  lengthened  to  330  ms  to  both  targets  and  non-targets. 
N2  was  also  exceptional  In  that  It  Increased  In  amplitude  In  both  primary  +  secondary  task  conditions.  Most 
other  late  components  showed  a  marked  amplitude  reduction  In  these  combined  conditions  (see  Fig.  6).  The  one 
exception  was  the  late  frontal  Slow  Wave  (N600)  to  auditory  stimuli,  which  was  equal  In  amplitude  (or  even 
larger  In  the  case  of  non-targets),  but  Its  duration  extended  for  several  hundred  milliseconds  In  the  combined 
condition.  Interestingly,  this  anterior  slow  wave  was  also  of  rather  longer  duration  to  non-targets  than  to 
targets  In  the  secondary  task  only  condition. 


TARGETS  NON-TARGETS 


Figure  6:  Grand  averages  of  all  visual  secondary  task  trials  which  were  targets, 

necessitating  a  button  press  (left  column)  or  non-targets  (right  column). 

Thick  traces  are  for  the  condition  In  which  the  secondary  task  was  presented 
on  Its  own;  thin  traces  are  for  the  condition  In  which  It  was  combined  with 
the  primary  task.  Stimulus  onset  Is  indicated  by  arrows. 

The  description  and  values  quoted  above  apply  to  the  mean  values  of  all  secondary  task  stimuli.  A 
preliminary  examination  of  stimuli  according  to  their  position  In  the  sequence  suggests  that  the  degree  of 
reduction  in  amplitude  In  the  combined  conditions  Is  dependent  upon  that  position.  That  Is  to  say,  stimuli 
occurring  during  phases  In  which  the  primary  task  tracking  and  processing  demand  was  high  show  a 
proportionately  greater  level  of  reduction.  Those  stimuli  which  occur  after  tracking  has  ended  show 
relatively  little  reduction  when  compared  with  those  for  which  no  primary  task  was  present. 

DISCUSSION 


This  series  of  studies  has  successfully  demonstrated  systematic  DC  shifts  in  the  brain  that  extend  over 
many  seconds,  are  behavlourally  linked  and  appear  to  be  sensitive  In  their  amplitude  to  the  level  of  task 
dlffl  culty  and  hence  to  the  processing  load  on  the  operator.  The  basic  DC  pattern  of  change  emerges  as 
being  remarkably  consistent  across  both  trials  and  subjects. 

The  evidence  points  to  there  being  more  than  one  type  of  slow  potential  process  contributing  to  the 
steady  negative  shift  of  the  DC.  The  rising  negativity  which  follows  the  warning  stimulus  and  extends  to  the 


onset  of  the  letter  to  be  tracked  can  be  considered  as  a  preparatory  process  having  much  In  common  with  the 
contingent  negative  variation.  Its  function  can  perhaps  be  thought  of  as  progressively  mobilising  the 
processing  system  such  that  It  reaches  Its  peak  of  readiness  at  the  time  It  Is  called  upon  to  enable  the 
tracking  system  and  begin  tracking  with  maximum  speed  and  efficiency.  The  negative  shift  between  the 
warning  stimulus  and  the  onset  of  the  letters  to  be  remembered  is  almost  classically  CNV-like  In  character. 

It  can  be  considered  either  as  an  early  phase  of  the  overall  preparation  for  the  appearance  of  the  letter 
to  be  tracked  or  as  a  secondary  CNV  concerned  specifically  with  preparation  for  the  onset  of  the  memory  set 
letters.  In  either  case  memorization  of  the  letter  set  appears  to  constitute  a  distraction  from  the 
preparatory  build-up  for  tracking.  The  relatively  low  demands  of  the  single  letter  result  In  a  temporary 
levelling  off  of  th;  rising  negativity;  the  3-letter  set  results  In  reduced  negativity  and  the  most 
demanding  6-letter  et  reduces  the  negativity  even  further  with  the  result  that  over  parietal  and  occipital 
regions  the  shift  becomes  temporarily  positive. 

From  the  time  of  the  appearance  on  the  screen  of  the  letter  to  be  tracked,  the  negative  rise  Is 
resumed;  It  persists  for  the  remainder  of  the  trial.  This  shift  seems  to  have  less  to  do  with  timed 
preparation  and  more  to  do  with  the  level  of  task  Involvement,  although  It  can  still  be  considered  goal 
oriented.  It  can  clearly  be  related  to  levels  of  workload  and  Its  early  onset  raises  the  question  of 
whether  It  might  bear  a  relationship  to  the  shift  described  by  N88t8nen  and  Mlchle  (18)  as  Processing 
Negativity  and  by  Hlllyard  (19)  as  Nd.  The  circumstances  of  Its  appearance  are  admittedly  different  from 
the  attended  vs  non-attended  channel  differences  giving  rise  to  the  original  processing  negativity.  One  of 
the  features  noted  Is  that  Its  onset  latency  centrally  and  posteriorly  Is  earlier  than  that  found  anteriorly. 
Processing  Negativity  has  been  described  by  N88t8nen  (20)  as  also  having  this  characteristic.  Possibly  both 
kinds  of  shift  are  examples  of  a  family  of  negativities  that  appear  when  focal  attention  is  selectively 
recruited. 

The  virtual  disappearance  In  Experiment  2  of  the  DC  differences  found  In  Experiment  1  between  long/fast 
and  short/slow  trials  raises  questions  about  the  source  of  the  original  differences.  It  was  never  entirely 
clear  why  the  relatively  modest  Increase  In  difficulty  set  by  the  longer  and  slightly  faster  movement  should 
In  the  first  experiment  have  given  rise  to  such  a  pronounced  and  widespread  increase  of  negativity.  As 
already  Indicated,  the  distribution  of  the  differences  seen  did  not  match  at  all  closely  those  of  the  eye 
fields,  nor  did  their  general  pattern  conform  to  that  of  the  VEOS.  It  was  also  the  case  that  a  significant 
DC  difference  developed  very  soon  after  onset  of  the  letter  to  be  tracked.  Nevertheless,  the  difference 
does  Increase  over  the  duration  of  the  track,  which  could  be  consistent  with  an  Increased  angle  of  eye 
movement  due  to  a  longer  track.  In  the  second  experiment,  the  only  modification  of  importance  was  the 
Introduction  of  reciprocal  tracks;  for  every  downward  movement  there  was,  on  another  trial,  an  equivalent 
upward  movement,  balanced  In  all  other  respects  for  its  level  of  difficulty.  This  Inevitably  suggests  that 
at  least  part,  If  not  all,  of  the  original  speed/distance  differences  may  have  been  due  to  ocular  contamination. 
The  perturbation  differences  are  clearly  not  In  this  category;  In  the  second  experiment  they  remain  remarkably 
similar  to  those  seen  In  the  first  experiment,  despite  controls  Introduced  to  eliminate  systematic  eye 
movements . 

Although  one  must  remain  cautious  In  the  Interpretation  of  results  from  only  eight  subjects,  the  finding 
of  an  Increased  negative  shift  when  the  secondary  task  Is  added  to  the  primary  provides  additional  support 
for  the  notion  that  Increased  work  load  manifests  Itself  In  this  form.  At  the  same  time  the  reduction  In 
amplitude  of  the  late  ERP  components  to  secondary  task  stimuli  delivered  during  the  tracking  task  (compared 
with  their  control  values),  would  seem  to  constitute  an  example  of  resource  reciprocity.  That  Is  to  say, 
amplitudes  drop  on  this  task  as  resources  are  withdrawn,  while  amplitudes  Increase  on  the  tracking  task  as 
additional  resources  are  deployed  to  meet  the  increased  demand. 

The  finding  In  Experiment  2  that  the  sensory  modality  In  which  the  secondary  task  Is  presented  can  make 
a  difference  to  performance,  to  the  size  of  the  negative  shift  and  to  the  perceived  level  of  difficulty  by 
the  subject  Is  of  some  Interest.  Intuitively,  and  In  the  light  of  the  existing  literature,  we  had  expected 
that  the  auditory  secondary  task,  being  In  a  different  modality  from  the  primary  task,  would  be  less 
demanding.  In  tne  event  the  Increase  In  RT  tended  to  be  longer  In  this  modality;  all  subjects  reported  the 
auditory  combination  to  be  more  demanding  and  It  resulted  in  higher  negative  shifts  than  the  visual 
equivalent.  It  seems  that  when  such  a  strong  basic  visual  set  Is  operating  It  takes  more  effort  to  switch 
to  and  from  another  modality.  Typical  subjective  accounts  were  that  It  was  not  that  the  auditory  targets 
were  less  readily  perceived,  but  that  it  took  longer  for  their  significance  to  be  registered  and  dealt  with. 

This  was  borne  out  by  the  performance  data.  Normally  one  might  have  expected  auditory  RT  to  be  shorter 
than  visual  RT,  but  In  this  Instance  It  was  much  longer. 

In  summary,  the  two  experiments  reported  have  resulted  In  several  Important  findings.  They  have,  for 
the  first  time  to  our  knowledge,  demonstrated  In  hunan  subjects  task  dependent,  behavlourally  linked,  DC 
shifts  extending  over  tens  of  seconds.  They  have  revealed  that  the  amplitude  of  these  shifts  provides  a 
sensitive  Indicator  of  the  level  of  load  on  the  operator  and  have  confirmed  the  ability  of  both  ERPs  and  slow 
potentials  to  shed  light  on  Issues  of  resource  reciprocity.  So  far  It  has  not  been  possible  to  separate  the 
cognitive  from  the  motor  elements  of  workload  but  further  experiments  In  this  series  are  already  addressing 
these  Issues.  Finally,  we  consider  that  the  present  evidence  offers  support  for  the  notion  that  negative  DC 
or  SP  shifts  may  be  closely  linked  with  that  part  of  cerebral  processing  for  vhlch  there  is  focal  awareness 
-  I.e.  Is  at  the  forefront  of  consciousness  -  as  distinct  from  those  background  elements  of  processing  which 
are  dealt  with  on  a  more  automated  basis  that  makes  less  demand  on  the  available  resources. 
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KRIEBEL,  Ml  I  have  a  qu.atlon  regarding  your  ba.olini.  If  on.  of  your  .ubj.ot.  .  bit  drow.y,  .nd 
you  get  a  shift  in  .low  potential,  what  would  b.  th.  outcoaa  If  you  correlated  workload  with  vigilance? 
Parhapa,  thara  would  be  aoaething  Ilka  a  "calling  effect".  If  ao,  what  would  happen  to  the  amplitudes  of 
the  lata  coaponanta  of  the  ERPa  to  different  stimuli  If  you  era  near  euch  a  calling? 

V*ry.  *  Uttl?  ln  th‘Y  vary  vary  little  In  th.  ala.  of  th.  negative 

potential  shift.  that  they  generate  over  the  period,  of  tlma  of  the  experiment.  One  of  the  objective.  In 

bHvIndUfM*  th**ddU1°n,llo*‘i,  of  *  a.condary  teak  wa.  to  ...  It  theee  potential,  could  be  pu.had  to  and 
beyond  thle  calling.  Wa  haven  t  hit  the  celling  lr.  th.  currant  eat  of  axparlaanta;  but  I  agree  that 
.1.  Il  k  k1,,U'  to  pur.ua.  In  pr.viou.  experiment.,  wa  hav.  looked  at  incr.a.lngly-dif f lcult 

hll^tt  t  5*^  "a  H*V*  *yon<l  thl*  e,lllB«*  »•«•.  W°nd  a  certain  workload,  and  th.  alow  pot.ntlal 

,  P300  emn'llJS.  s  fh°CCUrr,V  "“a  CHV  "P*rl‘,nU  ,nd  *U°  '‘Tth  th.  late  component,  of  th. 

Ekra:  a.g.,  P300  aaplltuda.  So  tha.a  effect,  do  operate  over  certain  load,  of  complexity. 

OfFENLOCH,  Ot,  Your  aaquanc.  of  CNV.,  which  war.  recorded  anteriorly  to  po.l.rlorly,  .how  greeter  DC 
«  It  w  ‘h\n  f°  p0,UlvUT  In  th.  wre  frontal  lead.,  I.  thl.  a  g.n.r.l  phy.iologlcal  rul. 

or  waa  It  the  raeult  that  In  your  axparlaental  paradlga  aotor  raaponaea  were  involved? 

ME"*'*  *7  .rl,,ht;i  of  ‘low  potential,  change..  In  the  .ltu.tion  that  w.  were 

to  th^*  fVc’t  Vh  ►  ,h(',lr,ly  fl  f1*14'  <|ult*  *n  ‘nt,rlor  The  Intereating  feature  for  me  pertain. 

fA  1  ,th V  th*  *nt,rlor  negative  alow  potentials  fro*  tha  frontal  lobaa  ara  the  definitive 

one.;  end  not  elweye  the  poeterlor  potltive  onee.  The  activity  fro*  the  frontal  lobea  la  beco*ina  *uch 
*“in’  *ft'r  “By  y**r*  °l  n#,Uct*  tht»  ah~14  be  .  conald.r.tion  of  lnv.etlg.tSr.  In 
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SUMMARY 


Using  advanced,  novel  signal  processing  techniques,  we  have  measured  the  rapidly 
changing,  spatial  mass  neuroelectric  patterns  associated  with  preparation  and  execution 
of  precise  right-  and  left-hand  finger  pressures  In  response  to  visual  numeric  stimuli 
In  seven  healthy  right-handed  adult  male  subjects.  Previously  unseen  pre-stimulus 
differences  between  patterns  associated  with  subsequently  accurate  and  Inaccurate 
per f ormance  were  revealed.  A  spatially  specific,  mul t I -component  neural  preparatory  set, 
composed  of  invariant  left  frontal  and  midline  precentral  components  and  hand-specific 
central  and  posterior  parietal  components,  appear  to  be  essential  for  accurate 
performance  of  certain  types  of  difficult  vlsuomotor  tasks.  When  this  preparatory  set 
Is  weakened,  or  inappropriate,  subsequent  performance  is  likely  to  be  inaccurate. 


INTRODUCTION 


We  have  been  advancing  the  measurement  of  neuroelectric  substrates  of  human  cognitive 
functions  In  relation  to  qua  I  I ly  of  performance.  We  analyzed  data  from  healthy 
volunteera  who  performed  a  task  that  manipulated  basic  cognitive  and  vlsuomotor 
functions,  such  as  those  cr 1 1 1 ca I  for  f I y I ng  h I gh  per f ormance  a  I  rcraf t ,  and  ee tab  I  I  shed 
the  existence  of  complex  "preparatory  neural  networks"  that  appear  to  be  prerequisite  to 
accurate  performance. 

Preparatory  set  for  human  vlsuomotor  performance,  defined  as  a  state  of  readiness  to 
receive  a  stimulus  or  make  a  response  [1],  has  been  studied  by  a  variety  of  disciplines. 
Temporal  properties  of  preparatory  sets  have  been  measured  In  Informat  I  on-process l no 
studies,  but  such  studies  have  not  focused  on  the  underlying  neural  systems  [2].  Spatial 
properties  of  preparatory  sets  have  been  measured  In  cerebral  blood  flow  studies, 
revealing  Increased  metabolic  activity  for  sensory-specific  focus  of  attention  In 
superior  prefrontal,  rnidfrontal  and  anterior  parietal  cortices  [31.  These  studies, 
however,  have  been  limited  by  the  temporal  resolution  (1  minute  or  longer)  of  blood  flow 
measurement  techniques.  Clinical  neuropsychological  studies  have  demonstrated  that 
behaviors  requiring  preparatory  sets  rely  on  Intact  lateral  frontal  regions  [4-7],  but 
variability  in  size  and  location  of  lesions  has  limited  the  spatial  specificity  of  such 
studies  in  localizing  normal  function.  And  although  scalp-recorded  brain  electrical  and 
magnetic  recordings  provide  both  spatial  and  temporal  Information  on  neural  activity 
underlying  preparatory  3els,  studies  of  the  Contingent  Negative  Variation  (CNV),  an 
event-related  brain  potential  component  thouoht  to  be  related  to  preparatory  set,  have 
often  yielded  controversial  or  ambiguous  results  (reviewed  In  [8-10]). 

By  recording  from  an  Increased  number  of  electrodes,  and  by  using  several  signal 
enhancing  procedures,  wo  have  measurjd  tne  rapidly  changing  spatial  patterns  of  mass 
neuroelectr Ic  activity  associated  with  preparation  and  execution  of  precise  right-  and 
Uft-hand  finger  pressures  in  response  to  visual  numeric  stimuli.  During  the  prestimulus 
period,  we  found  differences  between  patterns  associated  with  subsequently  accurate  and 
Inaccurate  performance.  The  results  suggest,  therefore,  that  a  spatially  specific, 
multi-component  neural  preparatory  set,  composed  of  an  invariant  left  frontal  component 
and  hand-specific  contralateral  central  and  parietal  components,  may  be  essential  for 
accurate  performance  of  curtain  types  of  difficult  vlsuomotor  tasks. 
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METHODS 


Sevan  healthy,  right-handed  male  adults  were  recruited  from  the  community,  Informed 
of  the  risks  and  benefits  of  the  study,  and  paid  for  participation. 

The  subjects  wero  required  to  exert  rapid,  precisely  graded  pressures  (forces  from 
0.1  to  0.9  kg)  followed  by  Immediate  release,  with  right-  and  left-hand  Index  fingers  In 
response  to  visual  numeric  stimuli  (numbers  1  to  9).  Each  stimulus  was  presented  1 
second  after  the  appearance  of  a  cue,  which  was  the  letter  "V"  slanted  at  a  fixed  angle 
(30  degrees)  to  the  right  or  left  to  Indicate  the  required  response  hand.  The  direction 
of  the  slant  was  determined  randomly  for  successive  trials.  The  cue,  stimulus  and 
feedback  about  performance  were  presented  on  a  V I deograph Ice- 1 1  CRT  monitor  located  70 
cm  from  the  subject,  and  were  all  controlled  for  duration  and  visual  angle. 

Eighty  percent  of  the  trials  were  response  trials,  In  which  the  stimulus  was  slanted 
In  the  same  direction  as  the  cue  and  the  subject  was  to  respond  quickly  with  finger 
pressure  of  the  Indicated  hand.  In  a  random  20  percent  of  the  trials,  the  stimulus  was 
slanted  opposite  to  the  cue  and  the  subject  was  to  make  no  response.  These  miacued 
"catch"  trials  ensured  that  subjects  attended  to  the  cues  and  stimuli.  Monetary  bonuses 
(S  cents)  were  paid  for  "win"  trials  and  monetary  penalties  (10  cents)  were  deducted  for 
responding  tomlscued  "catch"  trials. 

In  order  to  help  subjects  calibrate  their  responses,  the  pressure  produced  was 
displayed  after  completion  of  each  response.  This  feedback  was  presented  as  a  two-digit 
number  1  second  after  the  peak  of  response.  The  feedback  number  was  underlined  to 
Indicate  a  "win"  when  the  response  error  was  less  than  the  recent  performance  level, 
which  was  updated  on-line  after  each  trial  as  the  average  error  from  the  preceding  five 
trials  for  each  hand  separately.  This  criterion,  together  with  frequent  rest  breaks, 
minimized  possible  systematic  changes  In  arousal  level. 

Subjects  practiced  the  task,  learning  the  motor  control  and  the  conditions  of  reward 
and  penalty,  in  a  pretesting  session  that  continued  until  the  performance  level 
approached  a  stable  asymptote.  Each  subject  performed  between  900  and  1000  trials  over  5 
to  8  hours,  with  frequent  rest  breaks. 

Electrodes  were  placed  according  to  an  expanded  version  of  the  Ten-Twenty  Electrode 
System  In  which  additional  coronal  rows  of  electrodes  were  Interposed  between  the 
original  rows.  The  anterior  midline  parietal  electrode  was  used  as  reference.  Brain 
potentials  from  28  scalp  electrodes,  vertical  and  horizontal  eye  movement  potentials, 
and  flexor  dial  tor  I  muscle  potentials  of  both  hands  were  recorded  onto  magnetic  tape  at 
128  Hz  from  0.75  sec  before  the  cue  to  one  second  after  feedback. 

The  Lap  I ac I  an  operator,  a  spatial  pattern  enhancement  technique,  was  applied  to  the 
brain  potentials  at  every  time  point  to  reduce  the  blur  distortion  that  results  as 
potentials  are  transmitted  from  the  brain  to  scalp  [11-14],  This  operation  removed  the 
effect  of  the  reference  channel.  Peripheral  channels  were  not  transformed  because 
application  of  the  Laplacian  operator  to  an  electrode  requires  surrounding  electrodes, 
which  are  absent  for  channels  at  the  edge  of  the  recording  array.  Sixteen  channels 
rema I ned. 

Two  independent  raters  edited  the  data  for  artifacts  by  visual  inspection  or  brain, 
eye  movement  and  muscle  potential  polygraph  channels.  Trials  with  artifacts  due  to  eye 
movement,  head  or  electrode  movement,  or  scalp  muscle  contamination  were  eliminated,  as 
were  trials  with  slow,  bimodal,  or  delayed  responses,  or  with  flexor  dlgltorum  activity 
between  the  cue  and  the  stimulus.  Remaining  trials  (80*)  were  then  sorted  for  response 
accuracy.  Accurate  and  inaccurate  performance  data  sets  consisted  of  trials  In  which 
the  error  (deviation  from  required  pressure)  for  each  subject  was  less  and  greater, 
respectively,  than  his  mean  error  over  the  entire  recording  session.  Both  sets  of 
trials  were  balanced  according  to  a  number  of  criteria  In  order  to  avoid  confounding 
inaccuracy  per  se  with  possible  variations  due  to  transitory  and  longer- 1  as t i ng  changes 
in  arousal  and  learning. 

Classifying  performance  separately  for  each  individual  compensated  for  between- 
subject  performance  differences.  Hence  each  data  set  contained  trials  from  each 
subject.  Outlying  trials  on  the  distribution  of  recent  performance  level  were 
eliminated  to  ensure  that  accurate  and  Inaccurate  data  sets  did  not  differ  from  each 
other  in  this  variable.  This  correction  eliminated  the  possibility  that  inaccuracy 
would  be  confounded  by  performance  variations  due  to  transitory  changes  in  arousal. 
Furthermore,  accurate  and  inaccurate  trials  were  evenly  distributed  throughout  the 
recording  session  In  order  to  eliminate  confounds  due  to  learning  and  tonic  arousal. 

To  quantitate  the  electrical  activity  of  the  brain,  we  measured  the  covariance 
(similarity  of  waveshape)  between  different  pairs  of  electrodes  over  brief  segments  (187 
or  375msec)  of  event-related  (cue,  stimulus,  response,  feedback)  waveforms  averaged 
from  the  seven  subjects.  This  approach  is  based  on  the  hypothesis  that  when  areas  of  ths 
brain  are  functionally  related,  thero  Is  a  consistent  pattern  of  waveshape  similarity 
between  their  macropotentials  (15-23).  Covariances  between  each  of  the  120  combinations 
of  the  18  l ap I ac I an-t ransf ormed  channels  were  computed  from  enhanced  and  filtered 
average  waveforms.  Covariance  for  each  electrode  pair  was  determined  by  computing  the 
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crosscovsr  lane*  function  between  their  waveform  segment*,  lagging  one  channel  with 
respect  to  the  other  from  0  to  125  msec.  The  value  of  covariance  was  the  maximum  value 
of  that  function. 

The  statistical  significance  of  each  event-related  covariance  was  assessed  by 
reference  to  a  noise  distribution  computed  from  the  same  data.  For  the  CNV  interval, 
data  were  "delta-band"  filtered,  while  for  the  other  Intervals,  "theta-band"-f 1 1 tered, 
enhanced  averages  wore  used  [24,25], 


RESULTS 


For  right-  and  left-hand  accurate  performance,  mean  error  (deviation  from  the 
required  pressure)  was  .35  (rang*  >.24  to  .52)  and  .39  (range  >.28  to  .51), 
respectively.  For  right-  and  left-hand  Inaccurate  performance,  mean  error  was  1.62 
(range  -1.16  to  1.96)  and  1.68  (range-  1.40  to  2.18),  respectively.  Mean  reaction  time, 
averaged  across  all  subjects,  was  consistent  among  hand  and  accuracy  conditions  (610-618 
msec) . 

To  validate  the  covariance  analysis  In  a  Known  case,  the  above  procedure  was  applied 
to  waveforms  time-registered  to  the  onset  of  the  finger  pressure  response  [26-31]. 
Because  the  major  peak  in  the  Laplaclan  waveform  during  the  response  was  centered  62 
msec  after  response  onset  and  was  about  190  msec  wide,  a  4-  to  7-Hz  bandpass  filter  and 
a  covariance  Interval  of  167  msec  were  used.  The  most  significant  left-  and  right-hand 
covariances  occurred  between  electrodes  overlylno  cortical  regions  involved  in  motor 
execution  (Figure  1). 


F.  F  MGER  RESPOND 


Fig.  1.  View  of  the  most  significant  between-channel  covariance  patterns  (colored 
lines)  from  the  wave  at  the  peak  of  the  finger  response.  The  motor-related  wave  was 
measured  during  a  187-msec  Interval  centered  on  the  peak  of  left-hand  and  right-hand 
index  finger  pressures  from  seven  right-handed  men.  The  thickness  of  a  covariance  line 
is  proportional  to  the  negative  log  of  its  significance  (from  .05  to  .00005).  The  arrow 
points  from  the  leading  to  the  lagging  channel.  The  color  scale  at  the  left, 
representing  wave  amplitude,  covers  the  range  from  the  minimal  to  maximal  values  of  the 
two  maps.  All  covariances  involve  the  site  overlying  supplementary  and  premotor 
cortices.  There  is  a  strong  lateralization  of  frontal,  central  and  antero-par ietal 
covariances  over  the  hemisphere  contralateral  to  the  responding  hand. 
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Th*  pattern*  of  covariance  shown  in  Flour*  1  presented  mors  spatially  discrete 
Information  than  did  thalr  corraspondlno  "BEAM"  amp  1 1 tuda  maps  [21,23].  In  th*  167-msec 
Intarvai  cantarad  on  th*  peak  of  th*  raspona*  (62  msac  after  raspona*  onset),  rlght- 
and  left-hand  covariance  pattern*  war*  near  mlrror-lmagea.  Consldarino  *11 
significant  covariances,  left-sided  covariances  wars  significantly  greater  than  th* 
comparable  right-sided  ones  by  th*  Student's  t-t»st  at  p<<.0001  (t-18.5)  for  th* 
right-hand  response.  Significant  right-sided  covariances  war*  significantly  greater  than 
th*  left  at  p<<.0001  < t -2 1 . S )  for  th*  left-hand  response.  In  both  patterns,  all 
covariances  involved  th*  mldlln*  antero-central  sit*  overlylno  th*  premotor  and 
supplementary  motor  cortices.  Covariances  between  this  site  and  the  left  frontal, 
antero-central,  central  and  antero-par I  eta  I  sites  for  right  hand  responses,  and  betw**n 
corresponding  right  hemisphere  sites  (except  right  antero-central)  for  the  left  hand, 
were  all  consistent  with  known  motor-related  cortical  areas. 

The  procedure  was  then  applied  to  the  cue-to-st imulus  period  to  study  preparatory 
sets.  A  delta  (up  to  3  Ha)  lowpass  filter  and  a  covariance  Interval  width  of  375  msec 
were  used  to  study  the  low-frequency  CNV  component  (Figure  2). 


(A)  <») 


(C) 


(D) 


Fig.  2.  Amplitudes  of  the  contingent  negative  variation  (CNV)  computed  during  the  cue- 
to-stlmulus  period.  Amplitudes  between  filtered  (below  3  Hz),  event-related  Laplaclan 
waveforms,  averaged  from  seven  subjects,  are  not  significantly  different  for  the 
comparison  of  left-accurate  (A)  with  lef t- Inaccurate  (B)  conditions,  or  right-accurate 
(C)  with  right-inaccurate  (D)  condition*. 


Comparison  by  the  Student's  t-test  of  mean  squared  amplitude,  measured  on  each  Laplaclan 
waveform  (over  the  same  500  to  675  msec  post-cue  interval  act  was  used  for  the 
covariance)  between  subsequently  accurate  and  inaccurate  conditions  of  each  hand  was  not 
significant  (p>0.05)  [21,251. 
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Similarity  between  tha  aata  of  CNV  amplitudes,  or  between  covarianca  map*,  was 
maaaurad  with  an  aatlmata  of  tha  corralatlon  and  Ita  confidence  Intarval.  For  tha  amall 
numbar  of  rapaatad  measures,  a  normal  <11  atr  Ibut  Ion  could  not  ba  confirmed.  Tharafora, 
robuit,  raalatant  estimates  wara  calculated  ualno  a  dlatr Ibut lon-lndapandant  "bootstrap” 
Mont*  Car lo  procedure  (32],  that  generates  an  entamble  or  corralatlon  values  from 
randomly  selected  choice*  of  the  ra pasted  measures.  When  tha  distributions  of  CNV 
amplitude*  from  subsequently  accurate  and  Inaccurate  conditions  wara  compared  by  this 
procadura,  the  corralatlon*  war*  0.84  ♦/-  0.16  preceding  right  hand  performance,  and 
0.83  */-  0.14  preceding  left  hand  performance.  These  result*  Indicate  that 
discriminating  batwaan  subsequently  accurate  and  Inaccurate  waveforms  based  on  tha  mean 
squared  amplitude  of  tha  averaged  event-related  CNV  waveforms  is  not  possible. 

During  this  same  period,  however,  well-defined  ba tween-channel  covariance  patterns 
related  to  subsequent  accura'y  were  discovered.  They  first  appeared  In  the  interval 
centered  S00  msec  after  the  cue  and  became  well-differentiated  between  accurate  and 
Inaccurate  condition*  In  the  S00  to  675  msec  Intarval  (centered  313  msec  before  stimulus 
onset)  spanning  the  late  component  of  the  CNV.  Tha  lack  of  muscle  potential  and  eye 
movement  signal*  in  these  Intervals  confirm  that  these  patterns  are  neural  in  orloln 
(21,251.  Covariance  patterns  during  the  period  between  the  cue  and  stimulus  (Figure  3) 
were  distinct  from  those  related  to  overt  finger  responses. 


(A) 


f  f  '  ! 


(B) 
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Fig.  3.  View  of  tho  significant  ( p  <  0 .  OS)  between-channe I  Contingent  Negative  Variation 
(CNV)  covariance  patterns  (colored  lines).  Measurements  are  from  an  interval  500  to  875 
msec  after  the  cue  for  subsequently  accurate  and  inaccurate  left-hand  (A)  and  right-hand 
(B)  visuomotor  task  performance  by  seven  right-handed  men.  The  thickness  of  a  covariance 
line  is  proportional  to  its  significance  (from  .05  to  .005).  The  color  scale  at  the 
left,  representing  wave  amplitude,  covers  the  range  from  the  minimal  to  maximal  values 
of  the  two  maps.  Covariances  involving  left  frontal  and  appropriately  contralateral 
central  and  parietal  electrode  sites  are  prominent  In  patterns  for  subsequently  accurate 
performance  of  both  hands.  The  magnitude  and  number  of  covariances  are  greater 
preceding  subsequently  inaccurate  left-hand  performance  and  are  more  widely  distributed 
compared  with  the  left-hand  accurate  pattern.  For  the  right-hand,  fewer  and  weaker 
covariances  characterize  subsequently  inaccurate  performance. 
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During  the  Interval  from  500  mtac  to  875  msec  after  the  cue  onset,  covariance 
pattern*  associated  with  subsequently  accurate  right-hand  performance  Involved 
predominantly  left  hemitphere  site*,  particularly  left  frontal,  central,  parietal,  and 
antero-par ietal  sites.  These  4  sites  were  the  most  prominent  In  that  the  numbers  of 
significant  covariance*  In  which  they  were  Involved  each  excoeded  on*  half  of  the 
maximum  number  at  any  site  (9  for  the  antero-par Ietal  site).  The  other  sites  In  the 
pattern  were  Involved  In  on*  third,  or  less,  of  that  maximum.  The  same  criterion  was 
used  to  judge  which  sites  were  prominent  In  the  left-hand  pattern.  All  24  significant 
covariance*  Involved  sites  on  the  left  eld*  and  18  (75X)  were  exclusively  on  the  left 
side.  The  covariance  pattern  preceding  subsequently  accurate  left-hand  performance  for 
this  Interval  Involved  predominantly  right-aided  sites.  Of  18  significant  covariances 
in  this  pattern,  13  (72X)  involved  right  hemispheric  sites.  The  right-sided  central, 
parietal  and  antero-par Ietal  site*  were  most  prominent,  compared  to  corresponding 
prominent  contralateral  sites  for  the  right-hand  accurate  pattern.  The  left  frontal 
site  was  prominent  preceding  both  left-  and  right-hand  performance.  The  mldlln*  central 
and  antero-central  sites  were  prominent  In  the  left-hand  pattern,  but  were  not  amono  the 
most  prominent  In  the  right-hand  pattern. 

Only  two  significant  covariances  were  related  to  subsequently  inaccurate  right-hand 
performance  in  this  interval,  namely,  left  parietal  and  antero-par Ietal  to  left  frontal. 
In  contrast,  the  subsequently  Inaccurate  covariance  pattern  for  the  left  hand  was  more 
bilateral  and  complex  than  the  subsequently  accurate  pattern.  In  addition  to  the  cue- 
to-st imulus  period,  the  post-stimulus  and  post-feedback  periods  also  showed  differences 
related  to  accuracy,  but  the  response  period  did  not  [24,25]. 

The  signal  strength  of  pre-stimulus  covariances  was  much  smaller  than  thoso  during 
overt  responses,  that  Is,  the  scale  of  significance  was  three  orders  of  magnitude 
smaller.  The  smaller  number  of  pre-stimulus  covariances  allowed  all  significant 
covariances  to  be  shown  In  Figure  3.  Comparison  by  the  Student's  t-test  of  the  sets  of 
subsequently  accurate  and  Inaccurate  covariances  was  significant  at  pt.ooi  for  both 
left-  (t-S.S7)  and  right-hand  (t«7.70)  comparisons.  The  "bootstrap"  correlation  between 
covariance  pattern*  preceding  subsequently  accurate  and  Inaccurate  performance  from 
channel  pairs  that  were  significant  for  either  condition  was  0.57  +/-0.09  for  the  rioht 
hand,  and  0.10  +/-0.14  for  the  left  hand.  The  t-test  and  “bootstrap"  correlation 
results,  taken  together,  suggest  that  the  left-hand  accurate  and  inaccurate  conditions 
differ  both  in  scale  and  In  pattern,  while  the  right-hand  results  differ  only  in  scale. 
Unlike  the  between-channel  covariance  patterns,  the  CNV  amplitude  maps  were  highly 
similar  for  both  accuracy  conditions  and  hands,  and  were  not  useful  In  determining  what 
areas  would  covary  [21,251. 

Using  statistical  pattern  classification  procedures,  covariances  shown  in  Figure  3 
were  considered  as  possible  variables  to  distinguish  subsequent  performance  accuracy. 
The  classifier  was  a  nonlinear,  adaptive,  two-layered  decision  network  [18-21,33-35] 
that  decided  whether  subsequent  performance  was  accurate  or  Inaccurate  from  CNV-Interval 
between-channel  covariances  of  each  trial.  This  algorithm  produced,  by  a  recursive 
procedure,  classification  equations  consisting  of  weighted  combinations  of  the  decisions 
of  discriminant  functions,  which  themselves  consisted  of  weighted  combinations  of  a 
subset  of  the  covariance  values  of  Figure  3.  Cross-validation  of  the  equations  was 
performed  by  testing  equations  on  data  that  were  not  used  to  derive  them.  Significance 
was  determined  according  to  the  binomial  distribution. 

When  the  trials  of  each  of  the  7  subjects  were  classified  by  equations  developed  on 
the  trials  of  the  other  6  subjects,  the  overall  discrimination  was  59*  < p < 0 . 0 1 )  for 
right  hand  and  57*  (p<0.01)  for  left-hand  performance.  Discrimination  of  subsequent 
right-hand  performance  accuracy  was  above  57*  for  8  subjects  and  was  50*  for  the 
seventh.  For  left-hand  performance,  discrimination  for  3  subjects  ranged  from  56*  to 
67*.  and  was  53*  or  below  for  4  subjects  (who  had  fewer  trials  overall).  Average 
classification  of  each  fifth  of  the  trials  from  the  4  subjects  with  lowest  left-hand 
discrimination,  using  equations  from  the  other  four  fifths,  was  61*  (ptO.001).  This 
suggests  that  the  4  subjects  had  similar  covariance  patterns  preceding  left-hand 
performance,  which  were  different  from  the  other  3  subjects.  The  greater  uniformity  for 
right-  over  left-hand  discrimination  suggest*  that  there  are  similar  covariance  patterns 
among  the  strongly  rlght-handod  subjects  preceding  accurate  and  inaccurate  right-hand 
performance,  and  a  divergence  of  pattern*  preceding  left-hand  performance.  While  there 
were  differences  in  discriminative  power  between  individuals,  overall  the  group 
preparation  patterns  were  clearly  effective  in  deciding  an  individual's  subsequent 
performance  accuracy.  For  the  one  subject  with  the  most  trials,  average  classification 
of  88*  (pt.001)  for  subsequent  right-  and  82*  (p(.OI)  for  subsequent  left-hand 
performance  was  achieved  by  testing  a  separate  equation  on  each  fifth  of  his  trials, 
formed  from  the  other  four  fifths. 
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DISCUSSION 


Although  the  origin  of  these  event -re  I  *  ted  be  tween-channel  covariance  patterns  of 
preparatory  eete  Is  not  known,  our  results  suggest  that  preparation  for  accurate 
performance  In  a  visuomotor  task  involves  several  brain  components  [36]:  a  cognitive 
component  manifested  by  invariant  activity  at  the  left  frontal  covariance  site,  a  hand- 
specific  somesthet ic-motor  component  manifested  by  the  contralateral  central  and 
parietal  sites,  and  an  integrative  motor  component  manifested  by  activity  at  the  midline 
central  and  antero-cent ra I  sites.  The  last  component  was  strong  in  the  pattern 
preceding  accurate  left-hand  performance  and  weaker  in  that  preceding  accurate  right- 
hand  performance.  For  both  hands,  preparatory  covariance  patterns  were  different  from 
these  accompanying  actual  response  execution.  Covariance  patterns  preceding  inaccurate 
performance  by  each  hand  differed  markedly.  The  relative  lack  of  significant  covariances 
preceding  Inaccurate  right-hand  performance  may  be  interpreted  as  evidence  for  a 
weakened  preparatory  set.  By  contrast,  the  complex,  anatomically  oiffuse  but  strong 
patterns  in  the  left-hand  condition  suggest  that  inaccurate  performance  by  the 
nondominant  hand  of  strongly  right-handed  subjects  may  result  from  erroneous,  possibly 
confounded,  preparatory  sets. 

Our  evidence  for  distributed,  coordinated,  preparatory  components  of  human  visuomotor 
performance  is  consistent  with  previous  studies  of  this  aspect  of  behavior.  The 
Involvement  of  the  left  frontal  site  is  consistent  with  evidence  that  preparatory  sets 
In  humans  are  synthesized  and  integrated  in  left  dorsolateral  prefrontal  cortices  [4- 
7,37,38],  The  finding  of  an  appropriately  lateral Ized  par ieto-centra I  somesthet Ic-motor 
component  is  consistent  with  data  that  show  neuronal  firing  patterns  in  the  motor  cortex 
of  nonhuman  primates,  and  localized  potentials  In  the  somesthetic  cortex  of  humans, 
preceding  motor  responses  [1,39,40].  Finally,  a  midline  antero-central  integrative 
motor  component  is  consistent  with  involvement  of  premotor  and  supplementary  motor 
regions  in  initiating  existing  motor  schemes  and  establishing  new  ones  [3,41,42]. 


Our  results  demonstrate  that  the  human  brain,  unlike  a  fixed-program  computer, 
dynamically  ''programs"  its  distributed,  specialized  subsystems  in  anticipation  of  the 
need  to  process  certain  types  of  Information  and  take  certain  types  of  action.  When 
these  preparatory  sets  are  incomplete  or  incorrect,  subsequent  performance  is  likely  to 
be  inaccurate.  The  fact  that  classification  of  performance  accuracy  Improved  when 
equations  were  formed  and  tested  on  the  same  subjects  suggests  that  single-subject 
equations  formed  from  large  numbers  of  normative  trials  may  make  covariance  patterns 
useful  for  on-line  prediction  of  subsequent  behavior. 
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KAUFMAN,  USi  In  eh*  lae*  1920'.,  Wolf, an,  K8hl*r  pre. anted  an  apparent  notion  ati.ulua,  which  waa  phyat- 
cally  blaaad  10  chat  paopla  tandad  Co  aaa  ch*  notion  In  on*  direction.  However,  by  giving  chan  prior 
inatrufltlona  or  axpoaura*  to  other  atlnuU,  h«  waa  aobaao'iantly  able  to  caua*  ehaa*  paopla  to  aaa  the 
notion  In  th*  direction  lei  which  eh*  atlnull  war*  not  blaaad.  Ha  called  thl*  an  "objective  eat"  or 
"alnatallung",  and  I  guata  you  can  conaldar  that  aa  a  kind  of  preparatory  eat.  Th*  1936  edition  of  Woode- 
vorth’a  Favchology  Include*  a  chapter  on  the  b_,  and  _c  typat  of  raaction  time,  and  ha 
dlacuaaaa  tha  af fact  of  preparation  on  raaction  tin*  at  freer  length.  Thera  la  a  vide  domain  of  phenotaena 
in  which  preparation  af facta  perception  performance,  attention,  interpretation,  etc.,  and  wa  aaa,  once 
again,  in  your  praaentation  the  effects  of  preparation.  Additionally,  wa  nee  electrical  activity  on  ona 
aide  of  tha  head  that  waa  not  thara  whan  the  performance  waa  "accurate" •  Ae  psychologists,  one  of  the 
fatal  flaws  in  all  of  this  work  la  that  wa  ara  tailing  paopla  what  thay  already  know*  Paopla  already  know 
that  preparation  la  affected,  thet  they  can  get  surprised,  and  that  thara  ara  cognitlva  processes  — 
behavioural  procedures  —  that  reveal  a  lot  about  these  thing*.  What  alaa  ara  wa  laarnlng  from  what  you 
ara  doing? 

GEVINS,  US i  What  la  new  froa  thia  study  is  that  these  ara  th*  first  aeesuramenta  that  show  tha  prepara¬ 
tory  seta  in  tha  brain*  If  you  put  aside  source  localisation  and  pretend  that  tha  electrodes  ara  meaaur- 
ing  tha  immediately  underlying  activity  during  tha  state  of  preparation,  than  what  wa  have  shown  is  that 
preparation  in  tha  brain  consists  of  four  completely  separata  and  distinguishable  component*  that  can  be 
resolved.  In  the  ceee  of  right-handed  people,  the  left  pre-frontal  cortex  hea  to  be  exactly  tuned  to  the 
pre-motor  end  the  supplementary  motor  cortex,  which  la  known  to  be  the  hlgheet  level  of  motor  control  in 
the  brain*  (It  1#  well  known  from  patient  date  that  tha  pra-frontal  cortex  is  Involved  In  the  temporal 
sequencing  of  activity.)  So  those  ere  the  first  two  components  which  may  be  described  aa  cognitive  compo¬ 
nents  in  preparation.  The  other  two  ere  a  sensory  component  and  a  motor  component  which  "switches"  with 
tha  hand  that  is  about  to  be  used*  Whan  thara  la  a  subsequent  accurate  performance  for  «i  right-handed 
response,  then  this  diet,  buted  preparatory  sat  (which  seems  to  involve  tha  synchronisation  of  thaaa 
separata  cortical  eye t am*)  diminishes  if  the  subjects  do  not  maintain  concentration  on  the  teak  (which  haa 
a  specific  cortical  tuning  in  advance).  Correspondingly,  for  left-handed  responses  in  strongly  right- 
handed  paopla,  tha  sources  of  error  are  different.  If  thay  subsequently  respond  correctly  with  tha  left 
hand,  than  wa  sea  the  same  preparatory  set  —  the  cognitive  component,  tha  motor  control  component,  the 
■omesthetic  component  end  then  the  rotor  tuning  component  which  shifts  with  the  hand  about  to  be  used. 
Whan  subjects  are  preparing  the  left  hand  and  thay  are  going  to  make  a  subsequent  mistake,  then  there 
seem*  to  be  a  variety  of  sources  of  error.  It'a  as  if  the  Instantaneous  tuning  of  the  brain  to  a  specific 
task  is  turned  off.  This  new  technology  has  allowed  us,  for  the  first  time  to  begin  to  dissect  in  real¬ 
time  tha  specific  tuning  of  localised  cortical  areas  which  make  up  thaaa  preparatory  seta,  and  to  explain 
tha  sources  of  error  in  terns  of  the  tuning  of  specific  cortical  systems.  What  is  new  about  all  of  this 
is  that  we  are  saying  something  about  tha  actual  neural  basis  of  preparation;  we  know  It  exists,  what  it 
is,  and  how  It  is  modulated* 

LANDOLT,  CA:  The  work  that  you  presented  relates  only  to  right-hended  people*  Have  you  done  similar 
studies  with  left-handed  or  ambidextrous  individuals?  I  wouldn't  expect  the  CNV  covariance  aignlficance 
patterns  in  left-handed  subjects  to  be  mirror  image*  of  those  in  right-handed  subjects.  However,  I  be¬ 
lieve  thet  such  atudiee  should  be  done  to  clarify  the  importance  of  the  dominant  hand  in  performing  com¬ 
plex  viauomotor  tasks.  I  feel  the  question  la  also  important  because  an  answer  may  give  an  indication  of 
the  importance  of  hand-dominance  in  the  ergonomics  of  future  aircraft  cockpit  eyetema  if  maximum  perform¬ 
ance  ie  to  be  achieved.  It  would  also  have  implications  in  aircrew  selection. 

GEVIN8,  US:  No,  I  haven't  looked  at  left-handed  people,  and  I  certainly  think  that  the  experiment  should 
be  done  with  them.  Part  of  the  reason  we  haven't  done  such  studies  relates  to  the  fact  that  it  takes  a 
long  time  —  about  one  trillion  arithmetic  operations  —  to  produce  the  results  in  thia  aimple  experiment. 

LANDOLT,  CA:  la  there  any  correlation  in  the  spatial  sense  between  the  movement -re la ted  "readiness  poten¬ 
tials"  and  your  CNV  raaponaea?  If  there  is,  you  might  be  able  to  use  the  readiness  potentials  as  a  pre¬ 
paratory  set  by  itself  in  regard  to  accurate  versus  inaccurate  performance  as  a  mechanism  for  aircraft 
control  purpoaes;  e.g.,  in  weapons  firing. 

GEVINS,  US:  Yes,  we  examined  all  of  the  data  from  the  time  of  the  cue  right  up  until  the  response  for  the 
interval*  which  had  the  moat  predictive  ability  for  the  subsequent  accuracy  of  the  response.  Curiously, 
for  this  experlmentsl  paradigm,  the  most  predictive  power  came  from  the  CNV  in  the  Interval  between  the 
cue  and  the  stimulus.  The  readiness  potential  showed  some  relationship  to  subsequent  accuracy,  but  was 
much  stronger.  However,  I  wouldn't  want  to  generalise  beyond  the  context  of  this  particular  experiment. 
In  terms  of  using  the  readiness  potential  to  gain  a  couple  of  extra  milliseconds ;  you  know,  the  time  it 
takes  to  actually  twitch  the  finger  —  in  a  sort  of  biocybernet ic  way  —  I  don't  know  that  it's  that 
important.  The  brain  and  the  body  have  evolved  over  a  long  period  of  time.  It'a  a  very  efficient  set  up 
for  communicating  between  the  brain  and  finger  wiggling  with  a  very  high  reliability  of  success.  I  don't 
think  the  reliability  In  picking  up  the  readiness  potential,  even  under  the  best  of  circumstances,  would 
be  as  high  as  tha  finger  twitch,  in  spite  of  the  fact  that  it  is  a  very  clear  and  otrong  signal.  1  see 
these  types  of  measurement  as  those  you  can  uae  to  study  the  brain  in  order  to  make  better  airplanes.  I 
don't  see  putting  them  in  a  real-time  biocybarnetic  loop. 

KRAMER,  U8:  It  seems  to  me  that  event-related  brain  potential  components  and  your  neural  account  of  pat¬ 
tern  analysis  seem  to  provide  a  nice  set  of  complementary  data;  especially  in  respect  to  the  parallel  pro¬ 
cessing  model  that  you  indicated  in  your  presentation.  There  ha*  bean  a  recent  paper  by  Coles,  Gratton  et 
el#  (J.  Exp.  Paychol.:  Human  Porctption  and  Performance.  11:529-553,  1985)  on  a  continuous  flow  model 
that  haa  come  to  similar  conclusions  on  parallel  processing.  In  fact,  those  conclusions  were  derived  from 
readiness  potentials  in  taros  of  speed,  accuracy,  and  trade-off  paradigms.  The  results  complement  each 
other  nicely,  and  provide  converging  support  for  the  parallel  processing  model  that  you  presented. 

KRIEBEL,  GE:  If  you  compere  readiness  and  CNV  potentials,  you  will  find  differences  in  the  motor 
actions.  It's  very  different  whether  you  initiate  a  motor  action  yourself  --  a  self-based  motor  action  — 
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or  if  you  respond  with  «  motor  action  to  a  stimulus.  Wa  did  some  experiments  tn  Dr.  McCallun's  labratory 
in  1974,  in  which  we  combined  both  CNV  and  rsadiusss  potentials.  Ve  a  tart  ad  the  readiness  potential 
paradigm  with  a  finger  movement!  and,  using  the  finger  movement  as  the  etimulue  for  the  CNV  condition,  we 
found  the  topographical  scalp  dlatrlbutlona  to  be  very  different.  For  the  readiness-potential  situation, 
there  were  clear  pre-central  and  central  maxima  of  activities  which  show  motor  cortex  action!  especially, 
the  supplementary  motor  area.  The  CNV  condition  ahowed  much  mora  frontal  activity.  The 
readlnnsa-potential  condition  also  showad  parietal  Activities  while  the  CNV  eltuation  did  not. 

GEVINS,  US)  Some  years  ago,  there  was  quite  a  controversy  about  whether  or  not  the  CNV  end  the  readiness 
potential  were  the  same  phenomena.  I  think  the  confusion  caue  about  because  Investigators  were  not  using 
comparable  experimental  conditions.  Thsy  didn't  hsve  the  same  types  of  stimuli  and  the  same  types  of 
paradigms.  Some  effects  came  about  from  the  choice  of  the  reference  electrode!  e.g«,  the  topographic 
scalp  distribution  of  readiness  potentials  and  CNVa  are  tremendously  influenced  by  whether  a  single  ear,  a 
"linked"  ear,  or  a  nose  reference  is  used.  My  own  choice  has  been  to  make  derivations  which  are  Indepen¬ 
dent  of  the  reference  electrode  by  taking  the  Laplaclan  of  the  scalp  potential  distribution.  Doing  this 
allows  one  to  eee  a  very  sharp  classification  cf  the  potentials  Involved  In  the  execution  of  preparation 
and  movement.  For  example,  the  actual  motor  potentials  that  I  showed  were  extremely  latere lised  when 
looked  at  with  the  Laplaclan.  Whan  they  were  looked  at  with  linked  ears,  or  an  average  reference,  or  e 
nose  reference,  then  they  looked  ouch  more  bilaterally  distributed.  In  any  case,  the  CNV  and  readiness 
potentials  are  quite  distinct. 

KRIEBEL,  GEr  We  did  quite  a  number  of  experiments  with  different  reference  electrodes  using  the  seme 
reedlnese-potentlel  paradigms  to  measure  pra-apeach  potentials,  and  potentials  prior  to  finger  movement. 
Mostly,  we  used  linked  ears  as  the  reference  electrode,  but  we  also  used  the  noee  tip  and  the  sternel 
prominence.  We  found  that  the  topographical  dlatrlbutlona  of  the  readiness  potentials  did  not  change  very 
ouch. 

GEVINS,  USt  I  have  to  take  exception  to  that  statement.  I  had  shown  the  difference  between  a  right-index 
finger  movement  recorded  with  51  channels  (which  is  necessary  to  sea  Its  distribution  clearly)  with  a 
Ur.ksd-ear  reference  and  with  Laplaclan  "deblurring".  Quite  clearly,  though  the  general  faaturae  ware 
similar,  the  location  and  localisation  ware  extremely  clear  with  the  Laplaclan  derivation,  suggesting  that 
the  underlying  dipole  generators  ware  "bulled"  within  the  central  sulcus.  So,  I  chink  it  is  very  clear, 
both  from  theory  and  from  actual  measurements,  that  the  topographic  distribution  of  most  components  will 
chauge  with  the  referencing. 

JOHNSON,  GEt  I  have  a  word  of  caution  about  the  time  at  which  a  stimulus  really  begins.  It's  important 
for  those  working  with  evoked  potentials  with  constant  intervale  between  stimuli.  If  you  use  a  particular 
interval,  say  1  to  2  seconds,  you  sre  effectively  working  with  two  different  baselines.  This  la  something 
that  we  often  tend  to  forget.  Maybe,  we  have  the  wrong  definition  for  time  eeroi  maybe,  time  zero  is 
really  the  time  of  the  cue  which  Is  itself  the  stimulus!  or,  If  you  prsfer,  the  previous  stimulus.  Your 
comments  please? 


GEVINS,  USt  1  guess  thn  Issue  is  whether  the  stimulus  should  he  randomised  or  made  more  specific.  In  our 
paradigm,  the  intartrlal  interval  was  random,  but  the  timing  of  events  between  cue  and  stimulus  was  fixed, 
as  was  the  time  for  completion  of  response  until  feedback  was  initiated.  In  experimenting  with  the 
randomisation  of  time  between  cue  and  stimulus,  we  found  that  all  that  occurred  woe  e  "blurring"  of  the 
preparatory  process  of  the  CNV  along  with  a  change  in  degree  of  accuracy  of  response.  I  concluded  that  to 
hsve  the  clearest  signal  and  the  beat  understanding  of  what  was  happening,  it  was  best  to  have  a  fixed 
Interval  and  not  introduce  any  "blur".  In  these  experiments,  we  are  not  using  the  pre-stimulus  activity 
sa  a  baseline.  The  Idea  of  randomisation  la  to  make  tha  average  across  trials  —  the  pre-stimulus 
activity  —  equal  to  sero.  That  wasn't  the  Intent  In  theee  experiments.  We  were  effectively  making  a 
baseline  statistically,  by  taking  tha  file  and  randomising  it  over  time  and  obtaining  estimates  of  how 
well  things  corrslstsd.  So  the  ides  of  randomisation  is  used  to  have  a  aero  average  of  tho  pre-stimulus 
activity  from  which  peak  amplitude  measurements  can  be  obtained.  However,  if  the  purpose  is  otherwise, 
then  I  would  suggest  that  you  bring  your  variance  under  control  by  using  a  fixed  Interval. 
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SUMMARY 

Ha  ara  axaalnlng  tha  valua  of  ualng  avant  ralatad  potantlala 
to  pradlot  auooaaa  in  naval  aviation.  In  thla  papar  we 
dlaouaa  tha  background  of  tha  projeot,  aosa  aathodologloal 
oonaldaratlona,  and  our  approaoh  to  tha  problaa.  Soaa  aarly 
raaults  hava  baooaa  avallabla  and  ara  anoouraglng. 


INTRODUCTION 

Tha  Salaatlon  Problaa 

Tha  problaa  of  davlalng  rational  aaana  to  aalaot  eandldataa  for  flight  haa  baan  with 
ua  for  ovar  75  yaara  now.  It  haa  baooaa  aora  Important  aa  alroraft  hava  baooaa  oora 
ooaplloatad  and  training  aora  expansive.  Salaotlon  for  flight  in  tha  U.S.  Navy  la  baaad 
on  oonaldaratlona  of  aoadaalo  hlstorlaa,  wrlttan  taata,  phyaloal  axamlnatlona,  and  blo- 
graphloal  Information.  Tha  nat  affaot  la  a  subatantial  laprovamant  ovar  random  aalaotlon. 
Navartnalaaa,  parhapa  305  of  thoaa  who  enter  flight  training  do  not  flnlah  (1),  Hanoa 
thara  la  continuing  intaraat  In  improving  tha  salaotlon  prooaas. 

Posaibly  tha  flrat  attaapt  to  uaa  tha  ESQ  to  foraoaat  tha  parforaanoa  of  naval 
avlatora  was  oarriad  out  by  Alaxandar  Porbaa  and  Hallowell  Davis  aa  a  part  of  tha 
Panaaoola  Study  of  Naval  Aviators  of  1940-1941  (2,3).  Forbas  and  Davis  axaalnad  tha 
alaatroanoaphalograaa  (EBOa)  of  savaral  hundrad  Navy  flight  oandldatas  for  signs  of 
apllapsy.  Thay  found  no  rallabla  association  batwaan  tha  praaanoa  of  alnor  eeq  abnormal- 
ltlaa  and  later  flight  parforaanoa.  In  faat,  thoaa  subjaota  who  latar  baoaaa  vary  good 
pllota  vara  slightly  aora  llkaly  to  hava  displayed  alnor  Ego  abnormalities  than  those  who 
failed.2 

The  data  of  Forbes  and  Davis  wars  oontradlotad  by  tha  findings  of  a  study  oarrled  out 
at  about  the  aaae  tine  by  Thornar,  Olbba,  and  Olbbs,  at  Randolph  Flald,  Texas  (4).  Harlow 
Adas  examined  the  question  again  at  Panaaoola  In  1962  (5),  and  again  failed  to  obtain 
olaar  evidence  of  an  asaoolation  between  alnor  EEQ  abnormalities  and  night  parforaanoa. 

Tha  emphasis  os  detaotlng  low-level  apllapsy  In  these  studies  was  logioal.  Tha  g- 
foroea  of  taotlaal  flight  can  oause  susceptible  Individuals  to  experience  vertigo,  blank 
states,  and,  oooaslonally,  motor  seizures;  and  epilepsy  diagnosis  was  ona  of  the  first 
suooeaeful  uses  of  the  EEQ  (e.g.,  6).  Nevertheless,  tha  weight  of  the  evldanoa  seamed  to 
Indloata  that  routine  elaotroenaaphalography  provided  little  Information  beyond  that 
obtained  by  simply  watching  students  for  signs  of  oonfuslon  during  tha  dual  flight  period 
of  training  (5). 

Several  years  ago,  tha  Naval  Hadloal  Rasearoh  and  Development  Command  undertook  an 
exploratory  davalopmant  program,  'Neuroalestrlo  Salaotlon,'  to  evaluate  tha  uaa  of  avokad 
raaponae  elaotroanoaphalography  in  seleotlng  sonar  operators  and  aviation  personnel.  The 
sonar  work  la  being  oarriad  out  by  tha  Naval  Health  Raaaaroh  Canter  and  tha  Naval 
Submarine  Hadloal  Rasearoh  Laboratory.  The  aviator  projeot  grew  from  a  collaboration 
betwesn  the  Naval  Aerospaoa  Hadloal  Rasearoh  Laboratory  (NAHRL),  In  Pensacola,  and  tha 
Navy  Paraonnal  Raaaaroh  and  Davalopmant  Canter  (NPRDC),  San  Diego,  Here  we  present  an 
outline  of  tha  work  with  aviation  paraonnal. 

During  tha  flrat  phaso  of  tha  project,  wa  evaluated  a  sat  of  avant  ralatad  potential 
(ERP)  teats  and  analytical  software  davalopsd  Jointly  by  NAHRL  and  NPRDC.  Tha  ERP  tests, 
developed  by  NPRDC  and  examined  there  in  savaral  contexts  (7),  ware  designed  to  provide 
aeasuras  of  sensory  and  attentlonal  meohanlams.  Tha  analytical  routines  developed  at 
NAHRL  for  this  project  ware  designed  to  automata  the  prooaasss  or  artifact  deteotlon,  data 
reduction,  and  raaponae  measurement,  and  to  make  It  possible  to  handle  large  data  sate 
effiolently.  Soae  aarly  results  from  this  atudy  will  be  dasorlbed  presently. 

1  Aooording  to  Thornar,  Olbba,  and  Olbbs  (4),  the  first  also troenoephalographlo  study  of 
student  aviators  was  performed  in  Canada,  by  Ooodwln  and  oo-workers. 

2  Oaataut,  Lea,  and  Laboureur  (10),  in  France,  examined  the  possibility  that  the 
hazards  of  naval  aviation  attraot  individuals  with  abnormal  BEOs,  and  ooncluded  not. 
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We  arc  currently  engaged  In  a  sacond  evaluation,  of  an  ERP  testing  system  developed 
by  the  the  U.S.  Air  Foroe  and  otherai  the  'Neuropayohologioal  Workload  Test  Battery1 
(NWTB).  This  evaluation  Involves  reoordlng  ERPs  under  conditions  thought  to  assens 
memory,  attention,  vlgllanoe,  and  multiple-task  performance  abilities,  A  more  complete 
description  of  the  NWTB  ayaten  can  be  found  In  reference  8.  The  results  of  our  study  of 
the  NWTB  will  be  described  In  later  reports, 

HCTBODS 

Experimental  Design 

We  are  Interested  In  using  ERP-based  tests  to  forecast  performance.  Hence  we  are 
Interested  In  the  tests'  predictive  validities.  The  'prediotive  validity'  of  a  test  Is 
the  aoouracy  with  which  It  predicts  some  future  behavior.  This  can  be  estimated  by  (1) 
giving  the  test  to  candidates,  before  they  enter  a  Job  and  (2)  comparing  test  scores  and 
performance,  after  the  candidates  have  developed  work  histories.  Our  approaoh  has  been  to 
administer  the  ERP  tests  to  students  before  they  enter  flight  training,  srf  t.-isn  oompare 
the  teat  data  with  their  performance,  after  they  complete  the  *aMo"»  stages  f  flight 
training. 

By  the  time  they  arrive  at  our  laboratory  In  Penaaoola,  our  subjects  «v«  -ot  til  the 
requirements  of  the  aviation  screening  prooess,  save  flight  rain.'rg  1  r  vs  tine  at 

this  point  in  time  is  perhaps  the  optimal  way  to  Judge  a  tec’  that  w  o  u  j.  c  >  s  added  ti  ».  ,i 
existing  battery,  beoause  It  oantrols  for  the  faat  that  tech  _q  's  ui  -eady  in'  use  promos 
useful  Information  (see  also  reference  9,  pp>  33-35  ).  Evidt..- je  that  &  te.  ••  foreoasts  well 
in  populations  of  pre-soreenad  subjects  means  not  only  that  It  p. s.  !i:  '  ’•  .a  that  It  ..  «es 

Information  the  soraening  procedure  now  In  use  does  not  piok  p. 

Thus  far  we  have  obtained  data  from  about  205  naval  pilot  and  flight  ,  ffloer 
candidates,  overall;  we  are  continuing  to  obtain  ERP  measurement"  from  new  vubjeotj  A 
total  of  150  subjects  participated  in  the  study  we  will  dlsoua;  ‘  are.  7. te  iiii  we  will 
desorlbe  are  from  135  of  the  150.  The  missing  15  subjeots'  data  ware  Inal  due  to 
equipment  failure  or  test  protoool  violations,  or  were  too  no  ’  t.  analyi  -  Id  cats  w 
rejooted  by  aye  (we  will  dlaousa  our  artifact  rejection  teohi  ques,  nraaen 

Reoordlng  Procedures 

The  EHP  data  we  will  discuss  here  were  recorded  from  8  aoalp  locations.  'i  a .  : : 
comprised  2  symmetrically  located  frontal  sites,  F3  and  Ft  In  J.n  vrnawi  onal  10/ 
notation;  2  symmetrical  temporal  sitas,  T3  end  Tt;  a  central  scalp  site,  CZ|  2  symmetrical 
parietal  altea,  P3  and  Pk;  and  an  oooipltal  site  Just  left  of  midline,  01,  Ths  EEC 
referenoe  electrode  was  placed  at  nasion;  a  oantral  frontal  electrode  served  as  ground. 

Eye  movements  were  monitored  by  recording  the  eleotro-ooulogram  (BOB)  from  two  sets  of 
electrodes;  A  vertloal  E00  derivation  was  recorded  In  bipolar  fashion  from  eleotrodes 
plaoed  above  and  below  the  outer  canthus  of  the  left  eye;  an  oblique-horizontal  derivation 
was  reaorded  between  nasion  and  a  point  below  the  outer  canthus.  We  will  call  the  letter 
derivation  'horizontal'  In  the  remainder  of  this  report,  r or  brevity. 

The  8  ohannels  of  EEO  were  amplified  by  a  faotor  of  20,000  and  led  to  analog  niters 
with  attenuation  rates  of  6  dB/ootave  and  passbands  extending  from  .1  to  100  Hz.  The  E00 
was  amplified  by  2,000,  but  otherwise  treated  like  the  EEO.  The  amplified  and  filtered 
signals  were  converted  to  digital  Tormat  at  256  Hz. 

ERP  Teat  Protocols 

Each  subject  was  told  the  purpose  end  nature  of  the  tests  and,  after  electrode 
placement,  seated  in  a  comfortable  ohair  In  a  dimly  lit,  1AC  sound  attenuated  room. 

The  stimuli  used  in  the  test  were  oheokerboard  flashes,  tones,  and  flash-tone 
compounds.  The  compound  Cbimodal')  stimuli  were  oreated  by  turning  on  the  flash  and  the 
tone  at  the  eeme  time. 

The  vlaual  stimulus  was  black  and  white  oheokerboard  (16x16)  located  1  m  in  front  of 
the  subjeot,  subtending  an  overall  visual  angle  of  k.6  degrees.  To  produoe  a  flash,  the 
oheokerboard  was  back  Illuminated  for  5  ms  at  approximately  5ft-L. 

The  auditory  stimulus  was  a  10-ms  segment  of  1,000  Hz  sinusoid,  delivered  to  both 
ears  through  headphones  st  80  dB  SPL  (A-welghted).  A  background  of  continuous,  k0-dB, 
Oauaslan  noise  was  presented  over  the  headphones,  to  provide  sn  sooustioal  noise  floor. 

The  three  stimulus  types  were  presented  In  random  order,  In  A  bloolcs  of  30  trials 
eanh.  Each  stimulus  was  turned  on  st  the  midpoint  of  a  2-seo  EEO  reoordlng  interval! 
successive  reoordlng  Intervals  followed  one  another  after  .5  to  1.5  s,  at  random. 

Each  subjeot  served  In  2  attentions!  conditions,  divided  and  fooused.  In  the  divided 
attention  conditions,  the  subjeot  was  asked  to  mentally  count  eaoh  stimulus  delivered.  In 
the  fooused  attention  conditions,  the  subjeot  was  asked  to  count  eaoh  tone  that  occurred 
without  an  accompanying  flash.  The  order  in  which  the  two  attentional  conditions  were 
distributed  across  the  four  bloaks  of  trials  was;  divided,  focused,  focused,  divided. 
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Analysis  of  the  ERF  data 

Aa  was  mentioned  previously,  a  substantial  part  of  our  work  has  been  oonoerned  with 
developing  procedures  for  analysing  evoked  response  data.  MoFarland  and  Franzen  (3,  p. 

68)  questioned  the  reliability  of  EEO  measurements  In  their  summary  of  Forbes  and  Davis's 
study.3  Their  oonoerna  retain  soma  validity.  The  strategy  of  eliminating  suspeot  data  by 
eye,  for  example,  Is  not  unknown  in  contemporary  ERF  research,  and  is  a  potential  aouroe 
of  bias. 

The  approaoh  wj  have  used  has  bean  to  aubmlt  the  data  to  a  set  of  oomputer  programs 
that  first  examine  the  raw  EEQ  and  BOO  for  voltage-by-tlme  patterns  resembling  several 
types  of  electrloal  artlfaots  (eye  movements,  tranalenta,  large  absolute  amplitudes,  and 
large  and  small  RMS  amplitudes).  Sampling  intervals  that  oontaln  artlfaots  judged 
unoorreotable,  by  one  of  the  programs,  ara  marked  at  this  point  and  disregarded  later. 

The  remaining  Ego  la  then  digitally  filtered  by  oaloulating  a  3-polnt  moving  average 
(whioh  la  a  sero  phasa  shift  filter).  Segments  of  EEO  that  were  Identified  as  containing 
eye  movement  artlfaots  ara  than  'corrected*  by  aubtraoting  appropriately  soaled  portions 
of  the  vertical  and  horizontal  E00  from  the  EEO,  using  a  modified  version  of  the  time 
domain  procedure  described  by  Oratton  et  el.  (10).  Then  the  corrected  EEO  is  oheokad 
again,  using  the  routines  previously  deaoribed,  and  any  reoords  that  still  oontaln 
artifacts  are  rejected  permanently.  Data  surviving  the  foregoing  are  then  signal  averaged 
In  the  conventional  way.  The  averaged  ERPs  and  the  original  data  ara  saved,  along  with  a 
reoord  of  the  artlfaots  encountered  along  tha  way, 

RESULTS 

Waveform  Descriptions 

Figures  1  through  3  show  grand  average  ERFS  oaloulated  using  data  from  13$  aubjeota. 
The  averaged  res ponaea  from  a  given  recording  aits  ara  superimposed  in  the  figures,  with 
their  voltage  excursions  drawn  relative  to  the  mean  voltaga  during  the  500  ms  preceding 
the  stimulus.  Reaponsts  from  different  sites  are  drawn  with  their  ordinates  offset  to  make 
them  more  visible. 


Figure  1.  Auditory  responses  averaged  across  13$ 
aubjeota.  Tha  stimulus  la  turned  on  at 
tha  vertical  line.  The  calibration  mark 
shows  100  as  and  20  |i  V. 


3  McFarland  and  Franzen  (3)  noted  that  an  analysis  of  a  subset  of  the  Forbes  and  Davis 
data  using  Forbes'  modification  of  Mary  Braaler'a  aoorlng  technique  did  produoe  a  low 
correlation  that  did  not  hold  up  in  replication. 
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The  aurface  topographies  of  the  auditory  and  visual  raaponaaa  appaar  to  be 
conventional,  Tha  major  negative  paak  between  about  70-170  ns  pos tstlmulus,  N1,  la 
largaat  at  oantral  and  frontal  altaa  in  raaponaaa  to  auditory  stimuli  (Figure  1).  Tha 
visually  avokad  N1  la  largaat  ooolpitally  and  parlatally  and  oooura  somewhat  latar  (Figure 
2).  Regardless  of  modality,  tha  major  positive  pestk  Between  300  and  450  ma  poatatlaulua, 

P 3 *  i»  largest  parlatally  and  oentrally. 

The  topographies  of  raaponaaa  bo  tha  auditory-visual  compounds  ire  more  aymmatrloal 
from  front  to  rear  during,  roughly,  tha  firs.  150  op  poa tr tlmulus.  This  Is  consistent 
with  tha  idea  that  much  of  tha  "blmorial"  rasnondlng  raoordad  from  tha  surfaoa  in  this 
latanoy  range  repreaents  tha  aummad  activities  of  oalla  that  respond  to  light  or  aound, 
but  not  both.  By  about  300  ma  tha  eoti'/lty  hsa  resolved,  nonaddi tlvaly,  Into  oonvantlonal 
central-parietal  P3  dietributiona. 

Shifts  of  attantion  among  tha  stimulus  olssaaa  are  associated  with  ohsngas  in  N1 
amplitudes  (of.  referenoe  11).  The  greatest  ohange  in  tha  auditory  N1  oooura  at  vertex} 
tha  absolute  amplitudes  of  thaaa  raaponaaa  are  larger  whan  attention  is  dlraotad  toward 
t ones • 


Binodai  stimuli,  like  suditcry  stimuli,  produoa  largar  N 1  a  at  moat  sites  whan 
attantion  la  fcouaed  on  tonaa  (Figure  3).  The  simplest  explanation  la  that  tha  auditory 
N 1  ia  at  laaat  partly  generated  by  neurons  whose  aooustloal  responses  vary  with  attention, 
but  whose  photio  raaponaaa  ore  aiuggiah  or  nil. 

Visual  reanonaea  in  the  N1  latency  range  are  also  relatively  negative,  at  soma  sites, 
whan  att  rition  is  foouaed  on  the  torea  (see  Figure  2).  It  la  possible  that  tha  vlaual  N1 
la  aotually  driven  positive  in  the  divided  attention  condition,  making  tha  fooused 
attention  N1  negative  by  comparison:  Tha  vlaual  N1,  wnloh  has  e  relatively  long  latanoy, 
may  overlap  tha  Initial  segment  of  P3  and,  ss  might  be  expected,  the  visual  P3  is  more 
positive  when  attention  lo  divided  and,  henoe,  partly  directed  toward  vision.  Thua  tha 
largar  P3  may  shift  tha  superlmpoaad ,  divided  attantion  N1  upward,  producing  tha  apparent 
negativity  of  the  foouaed  attention  Nl. 


Figure  2.  Vlaual  responses  averaged  aoroaa  135 

subjeott.  The  calibrations  ire  100  ms 
and  20  MV. 


Changes  in  auditory  and  visual  P3  responses  accompanying  shifts  of  attention  are 
oonaiatent  with  aooepted  descriptions  of  the  wave's  behavior  (see  referenoe  12,  for  a 
review).  Tha  largaat  changes  ooour  at  parietal  and  oantral  sites.  Auditory  P3  responses 
tend  to  bo  largar  and  earlier  when  attention  is  foousad  on  tonaa,  smaller  and  later  whan 
attention  is  withdrawn  from  tones  and  distribute*  among  all  stimuli.  Visual  P3  responses 
are  larger  when  attention  is  distributed  aoross  all  stimuli  and  smaller  when  it  is  fooused 
on  tones. 
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The  blmodal  P3  reiponeei  are  aore  complicated,  differing  aomewhet  at  the  central  and 
parietal  recording  altea.  We  will  diaouaa  their  behavior  in  a  subsequent  report. 


Figure  3.  Responses  tc  auditory-visual  compounds 
averaged  aoross  135  eubjeote.  The 
calibrations  are  100  as  and  20  MV. 


The  Relation  between  Flight  Perforaanoe  and  ERPs 

The  best  predictions  of  flight  perforaanoe  we  have  observed  thus  far  were  derived 
from  frontal  HI  responses.  Figure  4  illustrates  what  appears  to  be  the  most  robust  of 
these.  The  ordinate  in  Figure  4  is  primary  flight  grade.  The  aboissa  is  the  difference 
between  N1  latencies  at  the  left  and  right  frontal  recording  sites. 
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Plight  parfornanoa  versus  tha  diffartnoa 
in  N1  latanoiaa  at  laft  and  right  frontal 
•laotrodaa*  Positiva  diffaranoaa  indioata 
the  right  hamiaphara  laads. 


Pigura  4 
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Tha  response*  whoa*  measurements  are  plotted  In  Figura  9  ware  evoked  by'tdhBs,  in  the 
condition  In  whioh  attention  waa  foouaed  on  tha  ton**.  Tha  subJeo»*  ,  are  a  oomblnad  group 
or  atudant  naval  avlatora  (SNA*,  pilot  tralnaaa)  and  atudont  night  Oi'/’l' ana  (si'FOa,  Mho, 
for  tha  aoat  part,  Mill  baooaa  bonbadiar/navlgatore  and  waapona  off.ioera).  Tha  SNA  and 
SNFO  gradea  ha va  baan  atandardiaad  by  aubtraotlng  tha  appropriata  gr.oup  .naan  froa  aaoh 
grada  and  dividing  by  that  group'a  atandard  daviation.  Tha  89  subjects  'hear  data  ara 
ahovn  in  figura  9  ara  tha  antlra  aubaat  of  indlvlduala  for  whoa  compl*t'  i  v  t  of  both  B R P 
and  priaary  flight  data  hava  baooaa  avallabla  to  data.  Tha  striata  w-pped  i. u.i  of  tha  data 
swara  la  dua  to  a  aoaavhat  ooaraa  binning  of  tha  latanolaa. 

1 1  , 

Tha  aorralatlon  batwaan  flight  parforaanaa  and  tha  ERP  aaaauraaanta  <jf  F  .gure  9  la 
about  .95.  Its  single-test  atatiatloal  aignifloanoa  laval  la  p<. 000025.  'Multiplying  p  by 
72,  to  aooount  for  tha  72  eorralatlona  batwaan  hanlapharia  dlffaranoa  aaaauraaanta  wa 
axaalnad,  ylalda  a  oonaarvatlvaly  oorraatad  aignifloanoa  laval  of  .0018,  for  this  family 
of  taata  (aaa  rafaranoa  13  for  a  diaeuasion  of  tha  Bonfarronl  oorraotion  of  aignifloanoa 
lavala).  Tha  data  of  Figura  9  wars  tha  only  ERP  raaponsa  peak  aaaauraaanta  that  pradlatad 
wall  anough  to  aurvlva  auoh  an  adjustment  of  aignifloanoa  lavala. 

Wa  oroaa  valldatad  this  raault  by  pradloting  aaoh  atudant's  flight  grada,  In  aaoh 
oaaa  uaing  an  aquation  darlvad  froa  all  of  tha  data  axoapt  hla  (19).  Tha  value  of  tha 
oorralatlon  ooafflolant  implied  by  tha  resulting  prediction  errors  waa  .93,  vary  near  the 
original  estimate  of  .95.  A  oonvantional  formula  adjustment  of  the  oorralatlon 
ooafflolant,  taking  into  aooount  Its  expected  daoraaae  in  new  samples,  produoed  a 
"shrunken"  oorralatlon  of  .99,  midway  batwaan  tha  original  and  orosa-valldation  estimates. 

DISCUSSION 

Tha  magnitudes  of  the  parformanoe-ERP  oorralatlon*  wa  have  observed  thus  far  oompare 
wall  with  value*  reported  for  many  oonvantional  payohomatrlo  teats.  They  are,  however, 
not  axtreuely  larga.  A  aorralatlon  of  .95  implies  that  the  ovarall  prediction  error  will 
ba  raduoad  111  whan  tha  taat  la  used.  This  in  relative  to  the  RHS  error  aosoolated  with 
guessing  that  each  student  will  perform  at  the  mean,  the  best  one  oan  do  when  there  is  no 
other  Information.  Howavar,  a  oorralatlon  of  this  magnitude  does  approach  an  eoonomioally 
useful  laval,  beaauae  the  absolute  oost  of  flight  training  makes  even  small  percentage 
savings  worthwhile.  Wa  hava,  so  far,  looked  only  at  performance  in  the  first  stage  of 
flight  training:  tha  economics  will  improve  if  our  predictors  oan  forsoast  events  still 
farther  in  tha  future. 

Tha  magnitude  of  tha  oorralatlon  between  performance  and  the  hemispheric  difference 
measurements  was  aomethlng  of  a  surprise  to  us,  because  lateralized  effsots  in  ERP  data 
tend  to  be  small,  .and  not  always  reliable.  It  is  not  unpreoeden ted ,  however.  Our 
daoislon  to  examine  hemlspherla  differences  was  based  on  Lewis  and  Rlmland's  report  (15) 
that  asymmetries  in  visual  response  RHS  amplitudes  were  associated  with  performance 
differences  in  a  sample  of  experienced  pilots  and  flight  offloers.  We  have  not  yet  found 
dear  evidence  of  oorrelations  between  performance  levels  and  either  peak  or  RHS  amplitude 
measurements.  Nor  were  the  visual  responses  In  our  data  slgnlfloantly  related  to  flight 
performance.  Nor  have  we  found  systematic  differenoea  between  the  surfaoe  topographies  of 
responses  froa  pilots  and  flight  offloers,  ss  did  Lewis  and  Rimland. 

Our  failure  to  observe  these  effsots  oould  be  due  to  noise  in  our  data  or,  perhaps, 
to  differenoea  in  experimental  design.  The  Lewis  and  Rimland  study  (15)  had  the  form  of  a 
'oonourrent*  validation  design,  in  whioh  subjects'  performance  levels  are  known  at  the 
time  of  testing.  This  is  usually  the  design  of  ohoioe  for  validating  aohisvement  and 
diagnostic  teats  (16).  An  advantage  of  tha  oonourrent  design  is  that  it  oan  be  more 
powerful  than  the  prediction  design  used  here.  This  is  because  subjeots  can  ta  seleoted 
to  oonoentrate  observations  on  high  and  low  performing  individuals.  We  have  used  a 
prediction  design  instead,  beoeuse  it  is  generally  the  oost  appropriate  way  to  evaluate 
seleotion  testa  (16).  This  is  because  it  proteots  against  biases  that  tend  to  occur  when 
the  quality  of  the  oubjeot's  work  is  known  in  advenoe  and,  more  fundamentally,  beoause  the 
only  way  to  find  out  whether  a  test  aotually  forecasts  is  to  try  using  it  to  forecast 

Measurements  of  P3  have  not  yet  proven  useful,  something  of  a  disappointment  as  P3  is 
comparatively  large  and  easy  to  deteot,  and  beoause  theoretioal  reasons  oan  be  given  for 
w\»  it  should  prediot.  This  oould  be  a  failing  of  our  test  protocols.  The  differenoea 
between  focused  and  divided  attention  responses  are  not  very  large,  end  perhaps  a  genuine 
relation  between  P3  and  performance  is  simply  masked  by  noise.  It  oould  also  be  that  we 
hove  not  yet  analyzed  the  data  in  the  right  way.  Also,  reoall  that  our  experimental 
design  does  not  estimate  the  ability  of  ERP  measurements  to  predict  performance  per  ae, 
but  their  ability  to  prediot  performance  after  existing  predlotlon  techniques  have  been 
applied;  perhaps  P3  adds  nothing  useful  to  the  available  information. 

In  light  of  the  immediately  preceding  remarks,  it  seems  appropriate  to  comment  on  a 
me thodologioal  problem  in  applied  EES  resesroh.  The  oomment  applies  to  multiple  channel 
EE0  research  in  general. 

The  wealth  of  numbers  the  teohnlque  generates  renders  oonvantional  statistical 
analysis  extremely  difficult.  The  experiment  described  here,  for  example,  produoed  a  set 
of  averaged  evoked  responses  consisting  of  12,288  mean  data  points  for  eaoh  subjeot,  not 
an  especially  large  number  by  ourrent  standards.  A  predictor  set  this  large  affords  many 
opportunities  to  be  misled  by  ohanoe  properties  of  the  date:  Given  a  sufficient  number  of 
subjeots,  a  stepwise  multiple  regression  analysis  would  implicitly  oonsider  as  many  as 
12,2881  different  predlotlon  equations  (fewer  if  the  predictors  happened  to  be  unoorrelated). 
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Reducing  the  date  to  •  few  amplitude  and  latanoy  measurements  par  eleotrode  nalpa, 
but  only  to  a  degree,  For  example,  we  naad  about  ISO  subjects  If  wa  obtain  4  aaaauraaants 
froa  aaoh  of  S  alaotrodag  and  want  to  dataot  oorralatloua  of  .4,  ualng  arbitrary  aubaata 
of  4  pradlotora  eaoh.  Thla  aaauaaa  that  a  falaa  poaltlva  rata  of  56  la  tolarabla.  About 
230  aubjeota  ara  required  for  tha  aaaa  analyala  If  wa  uoa  IS  alaotrodaai  about  285  If  wa 
uaa  32.  Savaral  tlaaa  thla  nuabar  nay  ba  neooaaaary  If  wa  oannot  apaolfy  tha  nuabar  of 
measurements  In  a  "pattern"  baforo  looking  at  tha  data. 

Tha  required  aaapla  alaa  alao  baooaaa  largar  if  wa  want  to  dataot  ganulna 
oorralatlona  of  .4  with  odds  rauoh  battar  than  ohanoa.  Thla  la  baoauaa  aaapla  variation 
will  oauaa  taata  for  a  phanoaanon  that  la  Juat  dsteotable  at,  for  axaapla,  pa. 05  to  fall 
about  half  tha  tlna  (17).  Thla  faot  haa  almoat  oartalnly  oontrlbutad  to  dlffloultlaa  In 
raplloatlng  SEO  and  EXP  atudlaa  (raoall  MoFarland  and  Framen'a  orltlolaa  (3). 

Although  aaapla  aliaa  aaountlng  to  larga  fraotlooa  of  1,000  aubjeota  ara  not  ooaaon 
In  oontanporary  EGO  raaaaroh,  thay  ara  not  unknown.  Forbaa  and  Davla'a  Panaaoola  etudy 
waa  baaad  on  raoordlnga  froa  Juat  undar  1,000  aubjeota  (2);  Adas'  waa  baaad  on  data  froa 
naarly  1400  (5).  Oaataut  at  «a.  raoordad  froa  ovar  1300  (16).  Studlaa  of  thla  alaa  oan 
produoe  axtraaaly  uaaful  i"n?oroatlon.  Thla  la  aapaolally  true  for  nagatlva  raaulta,  whloh 
ara  uaaful,  and  whloh  ara  aonvlnolngly  daaonatratad  only  In  vary  powarful  axparlaanta. 
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KAUFMAN,  US:  It's  extremely  interesting  that  Dr.  McCallum  and  Dr.  Gavins  point  to  the  lata  components  and 
slow  phenomena  as  being  the  most  labile  and  affected  by  cognitive  processes;  whereas,  the  earlier  com¬ 
ponents  seem  to  be  so  little  affected  that  they  are  leas  Interesting*  If  the  slow  activity  tallo  us  most 
about  cognitive  phenomena  —  higher-order  processeo  —  then  why  do  you  feel  that  you  have  any  hope  of 
providing  ue  with  some  practical  ways  for  selecting  personnel  for  aircrew.  Your  primary  effects  seem  to 
be  sensory  evoked  potentials  —  evoked  by  checkerboards,  tone  bursts,  etc.  The  probability  of  getting 
anything,  even  hypothetically,  from  your  technique  that  would  tell  ue  whether  or  not  a  pilot  could  be 
more-or-lese  likely  to  land  effectively  on  an  aircraft  carrier  seems  to  be  very  remote.  1  would  auggeat, 
constructively,  that  you  shift  focus  toward  the  later  components  and  look  at  ways  in  which  these  compo¬ 
nents  interact  with  task  variables  that  are  more  strict.  That  is,  study  those  task  variables  that  have 
more  face  validity  in  terms  of  the  actual  cognitive  requirements  of  piloting  an  aircraft. 

ST  AN  NY,  US:  With  regard  to  the  point  about  NlOOj  That  Juet  happened;  It  was  there  in  the  data  when  we 
looked  at  P300,  P300  was  not  significant  in  the  analysis  that  we  ran.  Regarding  the  poasibllity  of  look¬ 
ing  at  measurements  with  more  face  validity,  it  Is  our  Intention  to  do  so.  The  present  study  waa  an 
evaluation  of  a  set  of  protocols  that  someone  else  had  developed  and  allowed  ua  to  use. 

KAUFMAN,  U8:  Yes,  P300  was  in  your  data,  but  the  manipulations  weren't  such  as  to  make  P300  do  anything, 
or  N100.  I  chink  the  sensory  evoked  response  as  a  rather  primitive  construct  of  neural  efficiency  has 
seen  ite  day  In  some  of  this  work. 
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SUMMARY 

This  raport  foouaaa  on  thi  uia  ot  aomatoiamory  avokad  potantlali  (SEPa)  aa  an 
assessment  tool  lor  tranaiant  injury  In  rhaaui  maoaquaa  undergoing  impact  aocalaration 
in  tha  -Ox  dlraction.  Adult  mala  rhaiua  maoaquaa,  aaatad  on  a  ilad  and  raatralnad 
(except  for  tha  haad  and  naok)  ,  mara  aeealaratad  at  paak  alad  aooalarationa  ranging 
from  98. 8  to  1039.6  m/aaol.  Tha  alad  waa  daoalaratad  by  frlatlon  foroaa  ranging  from 
0.7  to  3.0  m/aao2.  Somatoaanaory  atimull  were  dallvarad  prior  to,  during,  and  attar 
impact.  Amplified  SEP  activity  waa  talamatarad  and  raoordad  on  magnetic  tapa,  Tha  raw 
SEP  data  wara  digitised  and  analyied  off-llna. 

Raaulta  tor  cortioal  SEPa  ara  conalatant  with  and  axtand  pravioua  analyaai, 
■uggaiting  a  thraihold  for  tramltory  changaa  in  oarvlcal  SEP  latenaiea  in  maoaquaa  at 
paak  -Ox  alad  aocalarationa  balow  880  m/iao3.  Thla  thraihold  ii  below  tha  thraihold 
for  alngla  impact  -Ox  nauropathological  injury  in  maoaquai  (800  m/aao3) ,  and  auggaata  a 
rola  for  oortlaal  SEPa  in  aatabliihlng  injury  critaria  for  humana . 


INTRODUCTION 

A  primary  million  of  tha  Naval  Biodynamlei  Laboratory  (NBDL)  li  to  investigate  tha 
biomaohanlaal  and  phyalologlual  affects  of  lmpaot  on  human  and  non-human  primates. 
Impaat  Injuries  to  the  head  and  neck  ara  a  major  trauma  problem  for  both  military  and 
aivilian  populations.  Thaaa  injuriaa  oan  result  from  direct  impact  (collision  of  tha 
haad  or  nack  with  another  objeat)  or  indirect  impact  (lmpaot  aooeleratlon  which  la 
transmitted  from  tha  torso  to  tha  haad  via  tha  naok).  Evoked  potentials  have  proved 
useful  in  Investigating  impact  injuriaa  sinca  tha  early  work  with  monkeys  (1) .  Thla 
raaaaroh,  combined  with  tha  experiments  of  Frieda  (3)  using  oats,  has  impllaatad  tha 
aarvlco-madullary  junction  aa  tha  vulnerable  site  for  oarvlcal  stretah  and  impaat. 
Slnaa  than,  SEPa  have  become  a  primary  tool  of  research  in  lmpaot  injury  raaaaroh  at 
NBDL  (3,  4)  and  other  laboratories  (8).  In  particular,  much  has  baan  learned  about 
indirect  impaat  Injuries  in  the  rhesus  maoaque  through  tha  use  of  SEPa.  Previous 
results  (4)  showed  that  tha  latency  of  cervical  aplna  SEPa  were  signlf ioantly  increased 
after  indirect  Impact  in  the  -Qx  direction.  Since  that  raport,  additional  data  have 
been  analysed  using  a  revised  evoked  potential  analysis  system.  The  initial  results  of 
thla  analysis  ara  reported  hare  and  extend  previous  results  (4)  to  include  cortical 
SEPa  measured  before  and  after  Indirect  impaat. 

METHOD 

Baseline  heentology,  biochemistry  and  cllnloal  evaluations  (including  radiography) 
were  completed  prior  to  surgically  implanting  electrodes  in  eight  adult  male  rhesus 
maaaques.  All  surgery  was  performed  under  general  barbiturate  anesthesia.  An  array  of 
three  spinal  cord  stimulating  electrodes  was  placed  in  the  epidural  space  of  the  Ll-LZ 
area.  A  similar  array  of  three  cervical  recording  electrodes  was  plaoed  in  the 
epidural  apaae  of  the  atlanto-occipital  area.  Two  cortioal  recording  eleatrode  arrays, 
consisting  of  five  electrodes  each,  were  plaaed  bilaterally  in  tha  epidural  space  over 
the  primary  somatosensory  cortex.  Final  placement  of  tha  cervical  and  cortioal 
electrodes  ware  guided  by  interpretation  of  evoked  potentials  produced  by  stimulating 
tha  LI-L2  eleatrode.  The  arenlal  and  cervical  leads  ware  brought  out  through  an 
implanted  cranial  pedestal.  Post-surgical  radiographs  of  all  implants  were  then  taken, 
followed  by  a  three  month  post  surgical  recovery  period.  Details  of  the  surgical 
procedure  are  provided  in  Appendix  I. 

Tha  macaques  (restrained  except  for  the  head  and  neck)  were  seated  on  a  standard 
NBDL  sled  and  accelerated  down  a  313  meter  horizontal  track  by  a  Bendix  12  inah  HYQE 
system  with  a  piston  stroke  ranging  from  0.7  to  1.62  meters.  This  system  is  capable  of 
generating  996,780  newtons  of  thrust,  imparting  forces  up  to  200  Qs  (1988  m/sec2)  for 
durations  as  long  as  90  milliseconds  to  the  410  kilogram  sled.  In  this  series  of 
experiments  the  peak  acceleration  was  1039.6  m/sec2.  An  environmentally  controlled 
housing  surrounds  the  track  and  the  sled  was  decelerated  by  friction  forces  ranging 
from  0.7  to  3  m/sec2.  Amplified  EKQ  and  SEP  signals  ware  telemetered,  along  with 
stimulus  markers  and  precision  time  codes,  through  an  FM  multiplex  system.  The  3  db 
bandpasses  were  0.1  to  100  Kz  for  EKQ  and  10  to  1800  Hz  for  cortioal  SEP  data. 
Somatosensory  stimuli  (0.2  millisecond  rectangular  constant  currant  pulses)  were 
delivered  prior  to,  during,  and  after  lmpaot.  The  raw  SEP  data  ware  digitized  and 
analyzed  off-line. 

Linear  and  angular  acceleration  were  determined  using  six  linear  accelerometers 
locked  to  the  cranial  pedestal  (see  Appendix  I)  which  was  bolted  to  the  calvarium. 
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Biplanes  x-ray  anthropometry  gave  precise  three-dimensional  spatial  coordinates  o f  the 
instrumentation  relative  to  tha  head  anatomical  coordinate  system  (0,  7,  a).  An 
inortlal  data  acquisition  ayatom  sampled  aach  ot  tha  34  ohannala  o t  martial  data  at 
3000  samplea/saoond  and  atorad  tha  digitised  data  on  a  magnetic  diao  in  raal  tint.  Tha 
digitised  data  were  than  aoalad  and  transferred  to  a  digital  tapa  for  off-llna 
analyaia.  Haad-mountad  photo  targata  wara  filmad  uaing  thraa  high-apaad  rotary  prlam 
camaras  operating  at  1000  f ramaa/aacond  (0,  10/.  All  camaraa  wara  calibrated  with 
raapact  to  a  known  point  on  tha  alad  (11).  Target  location  with  raapaot  to  the  alad 
reference  waa  digitlaad,  producing  threa-dimenaional  head  trajectory  information  (0, 
13,  13,  14)  . 

Tha  eight  rheaua  maoaquea  wara  aubjectad  to  a  total  of  sixteen  runa  with  alad 
accelerations  ranging  from  35.5  to  1033.5  m/aeo3  in  tha  -Ox  vector.  Ieoh  animal  made 
two  runs  a  day;  a  low  laval  oontrol  run  of  approximately  100  m/seo3,  and  a  higher  level 
teat  run.  Any  clinical  signs  wara  noted,  and  post-run  x-rays  taken.  The  animals  were 
maintained  for  33  days  before  being  aaorl flood.  Neoropay  raporta  were  prepared  for  all 
animals.  Averaged  ovokad  potentials  for  right  and  left  oortlcal  and  oarvioal  elaotroda 
sites  wara  computed.  However,  only  aortlcally  recorded  data  are  reported  here. 
Averaged  evoked  potentials  ware  computed  for  each  two-seoond  segment  starting  two 
minutes  prior  to  impact  until  flva  minutes  post  impact.  The  stimulus  presentation  rate 
waa  fiva/seaond,  whloh  meant  averages  were  composed  of  7  to  10  sweeps  each.  A  sweep 
lasted  from  40  milliseconds  pre-stimulus  to  40  mllllaeoonds  poat-at.imulus .  Sweeps  (750 
points)  with  more  than  33  clips  erara  rejected.  Additionally,  a  pre-impact  super- 
average  was  cosgmted  from  all  data  in  the  two  minute  period  preceding  impaat.  Normal¬ 
ised  (amplitude  independent)  oroaa-correlatlona  were  oomputed  using  a  template  to 
determine  latency  ahlfta  produced  by  impaat  (15).  The  templates  were  ahosen  from  each 
individual  pre-impact  super-average  to  include  the  components  around  10  milliseconds. 
The  windows  for  the  arosa-aorrelatlons  extended  from  -0.5  to  +3.0  mllllseaonds  of  the 
individual  templates. 

RESULTS 

Only  one  of  tha  animals  shotted  any  cllnioal  signs  during  the  twenty-eight  days 
following  the  last  run.  This  animal  seamed  reluotant  to  sit  up  or  use  his  left  arm. 
Neoropay  findings  revealed  posterior  damage  around  the  spinous  process  Cl  attributable 
to  the  experimental  impact.  A  second  animal  showed  no  cllnioal  signs,  but  the  necropsy 
findings  revealed  demye li nation  secondary  to  atlanto-occipltal  damage  due  to  impact. 
This  axtsndad  into  the  lateral  tracts,  through  the  thoraolc  oord  to  LI,  where  massive 
glial  soar  tissue  appeared.  A  third  animal  seemed  to  be  having  respiratory  trouble 
during  the  30  minute  post  run  recording  time.  Doxapram  was  administered,  but  the 
animal  died  33  minutes  post  impact.  The  oause  was  attributed  to  the  restraint  straps 
being  too  tight  for  breathing.  In  addition,  the  necropsy  revealed  scattered  minimal 
subdural  and  subarachnoid  hemorrhages  around  the  T13  to  LI  area  of  the  spinal  cord. 

Photographic  documentation  of  tha  position  of  the  head  at  the  moment  of  impaat 
showed  unexpected  variations  from  the  Intended  head-up  neck-up  position.  This 
variability  in  initial  conditions  may  explain  the  difference  between  injured  and  un¬ 
injured  animals  run  at  the  same  impact  levels. 

Figures  1  to  5  illustrate  the  effects  of  impaot  acceleration  on  cortical  evoked 
potentials.  Odd  numbered  figures  represent  low-level  control  runs-  The  following 
figure  is  the  higher  Impact  run  for  that  animal.  Each  of  tha  three  pairs  is  from  a 
different  animal,  with  the  pairs  arranged  in  ascending  level  of  Impact  acceleration. 
These  impaat  levels  were  chosen,  based  on  years  of  research  with  the  animal  sled  and 
restraint  system,  to  Include:  a  moderate  level,  a  borderline  level  and  a  probable 
injury  level.  The  top  evoked  potential  ir.  each  column  is  a  super-average  of  all 
averages  for  the  two  minutes  preceding  impaat.  The  other  averages  (n*10)  are  taken  at 
the  indicated  time  intervals  relative  to  impact.  One  animal  (runa  LX4782  and  LX4735) 
did  not  have  a  right  oortiaal  recording. 

Figure  7  illustrates  the  results  of  the  cross-oorreletlons  for  all  eight  test 
level  runs,  with  two  control  level  runs  at  the  bottom  for  comparison.  The  injured 
animals  sere  runs  LX4788,  LX4803  and  LX4813.  Higher  levels  of  Impaot  show  greater 
latency  offset  and  longer  recovery  times  than  lower  levels  of  impact,  while  the  oontrol 
level  runs  showed  no  changes. 

PiacusmoH 

The  present  work  confirms  earlier  reports  (4)  that  latency  shifts  due  to  impact 
occur  at  levels  of  acceleration  below  the  threshold  for  pathological  injury  (16),  and 
substantiates  the  neuropathology  findings  of  others  that  the  oervleo-medul lary  Junction 
is  the  most  sensitive  site  in  comparable  impact  situations.  For  this  component  set, 
latency  shifts  were  found  at  all  levels  of  impaot  above  100  m/sec2.  This  increased 
sensitivity  reflects  improvements  in  data  acquisition  and  analysis  made  since  the 
earlier  work. 

Amplitudes  were  not  examined  here  because  previously  (4)  it  was  found  that 
cortloal  HP  amplitudes  were  not  useful  for  indicating  the  threshold  of  injury.  Future 
analysis  will  include  amplitude  variables. 
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Follow-up  experlmanta  hovo  boon  conducted  to  aeaeaa  the  aftaeta  of  aneathetioa  on 
thaaa  CP  ohangea.  II  tha  raaulta  ana  comparable*  than  the  confounding  problem  of 
variability  In  Initial  head-neak  poeitlone  revealed  by  the  photo  data  tor  tble  aerlea 
can  be  eliminated. 

The  major  implication  of  theae  raaulta  la  that  SIPa  continue  to  ehow  great  promlae 
aa  an  Index  Of  pre-pathologleal  injury  levela  in  tmpaot  redearoh.  Application  of  theae 
teohniqvea  in  the  human  impact  injury  reaearoh  program  at  NBDL  ia  now  in  progreaa. 
along  with  the  enlargement  of  the  borderline  impaat  level  databaae  tor  anlmaia. 
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APPENDIX  I 

The  Animals  wars  iranquiUmsd  with  Ketamine,  l.M.  ,  given  Atropine,  8.Q.,  And 
transported  to  ths  AUpgloAl  prsp  room.  An  indwelling  oetheter  was  placed  in  ths 
SAphsnous  v*in  And  ths  monkeys  brought  to  a  surglasl  Anssthstia  lsvtl  with  SuritAl, 
I.V.  They  wsrs  thsn  tndotrAohsAl iy  intubAtsd  And  mAintAinsd  on  hAlothAns.  nitrous 
oxids  And  oxygon.  Following  clipping  And  shAving  of  ths  hood  And  spinnl  cord  cross ,  snd 
sn  inltiAl  surgical  scrub,  ths  Animals  were  plaood  prono  on  tho  surgical  tablo  with  ths 
hoad  restrained  in  a  atorootaxio  unit.  Attar  a  final  surgioal  scrub  of  ths  head  and 
csrvloal  and  lumbar  surgical  litas,  tho  hoad  and  oorvloal  altos  woro  aovorod  with 
storils  drapoa  and  tho  lumbar  sits  was  aovorod  with  a  windowod  storllo  drops  for  tho 
first  surgical  preosduro. 

Using  oioctrooautory ,  a  midline  incision  (1.0  to  l.S  inohes)  was  mads  ovor  tho  Ll- 
L3  aroa  and  th>  fascia  and  musolo  raflootsd  laterally  by  blunt  dissection,  Sleotro- 
oautory  was  used  to  expose  tho  spinous  process  and  body  of  vartsbrao  LI.  Tho  spinous 
process  was  then  rongsurad  away  to  expos#  tho  dorsal  epidural  surface  of  tho  aord.  A 
trlplloehe  electrode  was  plaaed  on  the  surfaoe  of  ths  cord  with  the  attached  wire 
extending  outside  the  musole  and  fasoia.  Tho  olootrodo  was  anohored  in  plaoa  and  tho 
muscle  and  fascia  dosed  with  4-0  Doxon  suture.  The  skin  was  then  dosed  ovor  tho 
connecting  wire#  which  were  left  in  place.  For  the  osrvlcal  eleotrodo  placement  tho 
head  was  rotated  toward  the  cheat  to  place  the  neak  area  in  a  flexed  position.  Using 
oioctrooautory ,  a  1 . 8  to  3.0  lnoh  midline  inaision  was  made  distal  to  the  occipital 
arest  in  the  skin  of  tho  neak.  Fasaia  and  muscles  were  reflected  laterally  by  blunt 
disaeation  to  expose  the  area  of  tho  atlanto-oocipital  interface.  A  triplioato,  kael 
olootrodo  was  placod  opldurally  in  the  foramen  magnum  and  anchored  in  place.  Muscle 
and  fascia  were  closed  with  4-0  Dexon .  The  skin  of  tho  upper  neak  and  ooolpital  area 
was  then  bluntly  undermined  for  placing  the  electrode  oonneatlng  wire  in  the  sub¬ 
cutaneous  tissue  of  the  ooaipltal  area.  The  akin  inaision  was  then  temporarily  closed 
and  the  eleotrodo  tested  by  stimulating  the  L1-L3  electrode  with  a  0.3  millisecond 
reotangular  eleotrloal  pulse  and  monitoring  the  oorvloal  eleotrodo  for  an  adequate  SEP. 
Following  testing  of  the  electrodes,  the  skin  incision  was  cloned  with  4-0  Dexon. 

Two  weeks  after  the  above  procedure,  using  similar  anesthetic  and  surgical 
preparation  procedures,  the  cortical  electrodes  were  implanted.  Using  eleotrooautery , 
an  elliptical  window,  approximately  1.8  by  2.0  Inches,  was  cut  in  the  skin  of  the  head 
in  the  median  line  posterior  to  the  orbital  ridge,  with  the  long  axis  running  anterior- 
posterior.  The  incised  skin  was  removed  by  blunt  dissection  and  hemorrhaging  was 
controlled  by  eleotrocautery .  The  exposed  fascia  and  periosteum  were  then  removed  with 
periosteal  elevators  and  the  musale  reflected  laterally  by  blunt  dissection.  The 
exposed  skull  was  scraped  and  any  prominent  mid-sagittal  orest  was  removed  with  a 
carbide  dental  burr.  A  trephine  hole,  approximately  12  to  IS  mm  in  diameter,  was  made 
on  each  side  of  the  midline  and  centered  on  the  ear  line  (anterior-posterior).  When 
trephining,  extreme  care  was  taken  not  to  injure  the  dura  or  epidural  vessels. 
Following  trephining,  the  holes  were  covered  with  sterile  ootton  pads  until  it  was  time 
to  place  the  oortloal  electrodes.  Six  to  eight  especially  prepared  stainless  steel 
bolts  were  then  placed  in  the  skull  with  the  threads  and  nuts  on  the  outside  of  the 
skull  using  drilled  *T*  slots  to  provide  an  anchor  for  the  pedestal  to  be  formed  later. 
The  "T‘  slots  were  drilled  with  the  aarbide  dental  burr,  and  the  orossbars  of  the  'T's 
were  faced  in  different  directions  to  strengthen  the  anchoring  mechanism.  The  nuts 
were  tightened  until  they  were  snug  but  not  excessively  tight.  The  bolts  were  shor¬ 
tened  as  necessary  to  allow  placement  of  a  female  Amphenol  connector  and  the  threaded 
cyllnd  re  in  the  pedestal.  The  openings  in  the  bone  around  the  bolts  were  packed  with 
gel  foau,. 

At  this  point,  the  connecting  wire  from  the  cervical  electrodes,  previously  left 
in  the  subcutaneous  tissue,  was  located  and  bluntly  dissected  until  exposeo  through  the 
cranial  window.  The  connectors  on  the  wires  were  then  plugged  into  an  Amphenol 
connector.  All  wires  were  then  sealed  to  the  connector  with  sterile  medics'  Silastic 
adhesive . 

The  oortloal  electrodes  were  then  placed  on  the  epidural  surfare  of  the  br» ;  . 
through  the  trephined  holes  with  electrodes  #2  (anterior)  through  #6  (posterior!  o..  «.  • 
right  side  and  electrodes  #7  (posterior)  through  ei)  (anterior)  on  the  left  side.  One 
depth  electrode  (parallel  bipolar  type)  w»s  positioned  in  the  area  of  the  right 
thalamus.  Following  SEI  testing  to  insure  proper  placement,  the  stimulating  electrode 
connectors  were  sealed  in  plastic  tubing,  hurled  in  the  subcutaneous  tissue,  and  the 
skin  closed  with  4-0  Dexon.  Tho  trephined  holes  were  then  packed  with  gel  foam.  A 
sterile  circular  dan  constructed  of  0.79  inch  autoclave  tape  approximately  1.5  to  2.0 
inches  in  diameter  was  placed  on  the  skull  in  such  a  manner  as  to  encirole  all  the 
anchoring  bolts  and  the  wires  from  the  electrodes.  A  thin  layer  of  freshly  prepared 
dental  aoryllc  was  poured  to  form  the  baee  of  the  pedestal  and  hold  the  wires  to  the 
skull.  The  Amphenol  conns ‘tor  was  then  placed  inside  the  dam  on  the  right  side  and  the 
three  saiall  threaded  cylinders,  which  sirs  attached  to  a  triangular  Jig.  were  plaoed 
with  the  apex  of  the  triangle  Ontario-  and  or.  the  midline.  These  cylinders  were  used 
during  the  impact  runs  to  attach  the  aocelerometer  and  photo  targets  to  the  animal. 
Dental  acrylic  war  then  added  in  tnin  layers  (to  minimise  exothermic  effects)  until  tbs 
cylinders  and  the  Amphenol  connector  were  covered,  and  a  smooth,  flat  pedestal  was 
formed.  The  skin  of  the  head  was  then  dosed  around  the  pedestal  and  a  protective  cap 
placed  on  the  pedestal.  The  cervical  and  lumbar  skin  incisions  were  then  closed  with 
4-0  Dexon. 
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!  j  KAUFMAN,  Uflt  1  remember  6  to  7  year#  ago,  your  laboratory  conducted  sled  tacts  with  nonkays  ualng  vary 

J  large  G-forces  In  an  attanpt  to  assay  the  affects  of  Inpact  on  humans  while  landing  on  aircraft  carriers 

|  or  som  related  operations.  (The  monkeys  showed  a  1-ms  increase  for  coaponenta  of  somatosensory  evoked 

1  potentials  to  such  high  Q-forcae.)  The  laboratory  then  ran  humans  in  a  totally  different  domain  of 

j  i  G-forces,  because  you  cannot  endanger  then  In  these  experiments*  What  are  the  lin  ing  hypotheses  to  go 

i  from  human  results  to  monkey  results?  How  do  you  justify  the  monkey  experiments  In  terms  of  their  effect 

j  on  how  you  would  handle  humans? 

WEISS,  USt  What  we  are  reporting  in  this  paper  are  the  results  from  cortical  evoked  potentials.  The 
;  results  that  you  are  referring  to  relate  to  cervical  studies,  In  which  we  showed  a  threshold  effe  t  for 

<  '  injury  precursors  at  the  cervical  level.  Obviously,  we  cannot  make  these  kinds  of  studies  on  humans.  Our 

|  intent  and  concern  in  our  human  volunteer  experiments,  which  are  at  the  heart  of  our  laboratory'^  work, 

j  art  the  safety  of  the  human  being.  We  have  established  safe  guidelines  for  human  exposures  which  are  very 

|  |  conservative*  We  have  hed  no  serious  or  aignlf leant  injuries  In  our  human  experiments  which  involve  a 

j  number  of  different  vector  exposures.  Our  intent  Is  to  resch  ths  limit  of  voluntary  human  impact  toler¬ 

ance  .  (In  the  experiments,  the  maximal  sxposure  level  is  the  level  beyond  which  a  subject  refuses  to 
experience  further  increases  in  G-force.)  Wa  do  not  want  to  excesd  our  guidelines  —  which  art  baaed  on 
I  ,  historic  data  and  a  number  of  sources  of  information  —  without  having  adequate  physiological  monitoring 

;  in  place  on  our  humans*  The  thrust  of  the  animal  work,  in  addition  to  establishing  Injury  modes,  is  to 

i  i  Idsntify  physiological  Indices  of  incipient  Injury;  vis.,  to  study  the  events  which  occur  before  there  is 

any  pathology  —  what  we  call  the  precursors  of  injury*  By  extending  our  work  to  the  analysis  of  the  cor- 
i  tical  potentials  from  the  animals,  we  are  beginning  what  we  hope  will  lead  to  an  analytical  scheme  for 

>  j  recording  cortical  evoked  potentials  on  our  human  volunteers.  The  intent  Is  to  have  these  procedures  In 

place  before  we  exceed  our  current  limits  of  G-forces  with  volunteers. 

KAUPMAN,  US «  You  have  answered  my  second  question.  The  first  question  relates  to  the  fact  that  you  use 
very  high  levels  of  G-forces  with  monkeys,  and  you  produce  noticeable  injury.  It  reveals  itself  in  the 
evoked  potential  as  roughly  a  0.8-ms  Increase  in  latency  at  the  cortex,  and,  similarly,  at  the  cervical 
junction.  With  such  a  small  difference  in  latency  between  the  early  pathological  and  the  normal  states  — 
which  only  occurs  with  extraordinary  otrong  stimuli  —  how  do  you  expect  to  link  these  to  what  you  can 
hops  to  do  with  the  human  subject? 

WEISS,  US:  We  see  latency  shifts  at  all  levels  in  the  cortex,  and  that  Is  the  Important  point.  With 
cervical  recordings,  we  find  a  threshold  effect.  In  the  cortex,  there  appears  not  to  be  a  specific 
threshold  effect;  but,  rather,  a  more  monotonlc  graded  effect  (a  dose-dependent  effect).  So,  we 
anticipate  that,  at  the  lower  levels,  we  will  see  shifts  in  our  human  population.  The  challenge  is  to 
develop  some  kind  of  scaling  criteria  which  will  enable  us  to  predict  when  latency  shifts  are  entering  a 
danger  zone.  (Because  of  the  differential  mass  in  subjects  ,  we  have  to  subject  smaller  subjects  to  high¬ 
er  loads  than  we  like,  so  the  issue  is  one  of  scaling.)  Let  me  point  out  that  there  are  instances,  cur¬ 
rently,  in  operational  aircraft  maneuvres  involving  F16's  and  other  aircraft  which  lead  to  severe  neck 
injuries  in  pilots.  The  operational  situation  is  compounded  by  the  fact  that  pilots  have  additional  load¬ 
ing  on  thair  heads;  and  that's  another  issue  we  are  addressing  in  our  laboratory  —  the  effect  of 
increased  head  mass.  So  when  these  other  factors  are  taken  into  account,  the  levels  at  which  we  are 
expoaln^  our  animals  as  an  injury  model  are  not  unnrealistic  in  terms  of  the  forces  that  are  encountered 
in  the  operational  environment  of  these  aircraft. 
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SOMMART 

To  investigate  the  utility  of  the  electroencephalogram  (EEG)  as  an  indicator  of 
state  of  consciousness,  we  recorded  human  brain  activity  during  exposure  to  rapid  onset 
(6  G/sec)  centrifugation  (+7G) .  Eight  healthy  volunteers  (mean  age  31  years  +  7.65)  were 
given  at  least  two  sessions  of  sustained  acceleration  (+7GZ)  on  the  USAPSAM  Human  centri¬ 
fuge.  The  sessions  were  conducted  without  G-auits  and  subjects  were  instructed  to  relax 
and  not  attempt  anti-G  straining  maneuvers.  Six  subjects  each  experienced  two  episodes  of 
G~induca<3  loss  of  consciousness  (G-LOC)  while  one  subject  lost  consciousness  once  and 
experienced  visual  blackout  once.  One  subject  remained  conscious  but  experienced  visual 
greyout  In  both  sessions. 

EEG  signals  were  recorded  with  EEG  Grass  gold-cup  electrodes  which  were  held  in 
place  by  using  gause  and  collodion.  Data  were  digitized  at  256  samples  per  second  and 
transferred  to  a  DEC  PDP-11/55  computer  for  analysis. 

Results  demonstrated  a  shift  from  beta  to  delta  activity  with  pronounced  absence  of 
beta  activity  during  unconsciousnesa.  Theae  results  are  in  keeping  with  findings  in  the 
anesthesia  and  aerospace  medicine  literature.  EEG  can  be  useful  in  detecting  uncon¬ 
sciousness  during  acceleration. 


LIST  OF  SYMBOLS 

LOC:  loss  of  consciousness 

G-LOC:  acceleration-induced  loss  of  consciousness 

EEG:  electroencephalogram 

BOG:  electrooculogram 

CSA:  compressed  spectral  array 

delta:  EEG  activity  from  0.5  to  3.5  Hz 

theta:  EEG  activity  between  4  and  8  Hz 

alpha:  EEG  activity  between  8  and  12  Hz 

beta:  EEG  activity  over  12  Hz 


RATIONALE 

The  environment  posed  by  high  performance  fighter  aircraft  offers  a  serious  chal¬ 
lenge  to  the  limits  of  human  tolerance  to  acceleration.  Mishaps  due  to  acceleration- 
induced  loss  of  consciousnesc  (G-LOC)  have  been  reported  for  several  types  of  aircraft  in 
the  current  NATO  inventory.  Centrifuge  training  and  educating  aviators  about  G-tolerance 
are  attempts  to  address  this  problem.  Survey  results  from  both  the  US  Air  Force  and  US 
Navy  tactical  ait  forces  (Pluta,  1984,  Johannon,  et  al.,  1986)  indicate  a  recognition  of 
the  problem  with  12%  of  respondents  reporting  at  least  one  episode  of  G-LOC  while  flying. 
These  data  may  not  fully  represent  the  magnitude  of  the  hazard  posed  by  G-LOC  since 
amnesia  and  confusion  are  frequently  associated  with  such  episodes. 

With  the  advent  of  advanced  fighter  aircraft  which  can  sustain  higher  G  levels  for 
longer  periods  of  time,  machine  capabilities  will  .ncreaeingly  surpass  human  G-tolerance 
limits  and  G-LOC  will  become  an  even  more  crucial  i.tsue.  Monitoring  the  state  of  con¬ 
sciousness  of  pilots  of  high  performance  aircraft  la  ono  potential  means  for  improving 
flying  safety. 


PAC (GROUND 

A  number  of  researchers  have  studied  EEG  in  the  centrifuge  and  operationally  In 
flight.  As  early  as  1945,  reports  wars  made  of  changes  in  the  EEG  during  LOC  episode* 
experienced  while  undergoing  centrifugation.  Franks.  Kerr  and  Roue  (1945)  observed  that 
during  increrted  G,  alpha  waves  were  replaced  by  high  frequency,  iuw  amplitude  waves  in 
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fully  conscious  subjects.  Progressively  slower  waves  of  higher  amplitude  usually  appeared 
with  deep  blackout  and  onset  of  unconsciousness.  This  pattern  regained  until  shortly 
before  subjects  regained  consciousness. 

Sam-Jacobsen  (19S9)  recorded  EEG  in  subjects  during  simulated  combat  flight  maneu¬ 
vers.  A  correlation  between  the  eeg  during  flight  and  the  aviators*  flight  performance 
records  was  found)  pilots  with  no  change  in  EEG  pattern  with  high  G  had  very  good  histo¬ 
ries  with  no  accidents  in  flight.  Changes  in  the  inflight  EEG  correlated  with  poor  per¬ 
formance  records  and  flight  mishaps  which  had  been  attributed  to  pilot  error  or 
undetermined  reasons.  Nonpilots  under  similar  conditions  reflocted  analogous  group  dif¬ 
ferences  based  on  their  in-flight  EEGs,  demonstrating  a  generalirabllity  of  the  BEG 
pattern  to  other  populations.  Further  studies  (Sem-Jacobaen,  Nilsing,  Patten,  and 
Eriksen,  1959)  found  EEG  changes  to  some  high  performance  aircraft  maneuvers  and  at 
"landing  brake." 

Extending  this  research,  Sem-Jacobsen  (1961)  included  aircraft  flight  dynamics 
recording  and  in-flight  filming  of  the  pilot.  These  data  confirmed  the  eerlier  results 
and  revealed  that  some*  pilots  ware  unconscious  for  up  to  39  seconds  .while  "pulling  up" 
from  a  simulated  bombing  dive. 

In  1961,  Browne  and  Howard  exposed  subjscts  to  centrifugal  acceleration  until 
blackout  or  unconsciousness  to  demonstrate  EEG  changes  with  gradually  increasing  hypoxia. 
They  found  no  abnormal  EEG  waveform  changes  with  blackout.  However,  with  unconsciousness, 
the  EEG  yielded  slow  (1-3  Hz),  high  voltage  (70-130  uV)  activity.  The  observed  LOC  epi¬ 
sodes  occurred  4-6  seconds  after  artorial  blood  pressure  reached  30  mm  Hg.  Convulsions 
were  evident  (either  minor  spasms  or  major  epileptiform  seizures)  during  LOC  in  some 
subjects. 

Ades  (1961)  tested  pilots  In  the  back  seat  of  high  performance  aircraft  to  deter¬ 
mine  if  nonclinical  (i.e.,  less  stringent)  EEG  analyses  would  yield  features  which  corre¬ 
lated  with  flight  events  and  cerebral  metabolism.  G  forces  during  aerobatic  flight 
appeared  to  precede  abrupt  EEG  changes  (high  voltage  bursts  of  slow  wave  activity).  The 
authors  hypothesized  this  activity  was  related  to  an  Increase  in  cerebral  blond  flow 
because  It  followed  G  offset,  rather  than  G  onset,  by  as  much  as  30  secondc. 

The  same  year  Jensen  et  al.  exposed  15  subjects  to  centrifugal  acceleration  until 
blackout.  While  subjects  attempted  to  counteract  cerebral  hypotension  with  a  straining 
maneuver,  their  EEGs  showed  increasing  beta  amplitudes.  With  increased  cerebral  hypo¬ 
tension  the  amplitudes  in  the  delta  range  increased.  This  beta  to  delta  shift  during 
acceleration  was  marked  and  Jensen  et  al.  suggested  that  the  appearance  of  high  amplitude 
delta  and  loss  of  beta  indicates  imminent  LOC. 

In  1962,  similar  changes  due  to  +GZ  were  reported  by  French  researchers  studying 
unconsciousness.  Dell,  Hugelin,  and  Bonvallet  described  the  phasic  nature  of  the  effects 
of  hypoxia  on  electrocortical  activity.  In  phase  one,  no  definite  changes  are  seen*  Phase 
two  is  characterized  by  a  generalized  high  frequency  cortical  activation.  Phase  three, 
described  as  classical  cortical  depression,  is  heralded  by  spindles  and  slow  waves.  Phase 
four,  which  occurs  when  air  is  readmitted  is  typically  5-10  minutes  long  with  cortical 
activation.  Phases  3  and  4  were  compared  to  the  EEG  changes  which  occur  during  the  proc¬ 
ess  of  falling  asleep  and  awakening. 

In  another  centrifuge  study,  Gazenko  et  al.,  1963,  found  EEG  effects  were  similar 
in  both  negative  and  positive  acceleration.  At  the  beginning  of  the  run,  before  what  the 
authors  termed  "phase  one",  beta  rhythm  was  prevalent.  Phase  one  is  reflected  by  the 
desynchronization  of  the  EEG.  In  phase  two,  theta  and  delta  activities  predominate. 

These  frequencies  precede  visual  grey-out.  In  the  final  phase  (phase  three)  resynchroni¬ 
zation  of  the  EEG  occurs.  The  EEG  returns  to  its  normal  resting  state  5  to  7  minutes 
after  acceleration  stops.  The  authors  suggested  that  the  EEG  changes  were  related  to 
cerebral  arterial  pressure. 

McNutt  et  al.  (1963)  found  high  voltage  slow  wave  activity  during  unconsciousness 
In  acrobatic  flight  as  determined  by  EEG  and  filming  of  the  pilot.  The  subjects  under 
study  were  divided  into  three  groups:  inexperienced  (no  flight  time);  expor; enced  (300 
hrs  flight  time))  and  clinical  referrals  (subjects  grounded  for  exhibiting  neurological 
symptoms  in  the  air  or  on  the  ground).  They  found  no  flight-induced  EEC  changes  in  either 
the  experienced  or  the  inexperienced  groups.  In  the  clinical  referral  group,  however, 
hig‘-  voltage,  slow  wave  activity  in  the  EEG  was  evident  11-15  seconds  after  G  onset.  Thiu 
finding  indicates  that  EEG  changes  (specifically,  a  shift  from  high  amplitude  beta  activ¬ 
ity  to  high  amplitude  dslta  activity)  result  not  from  the  exposure  to  acceleration  but 
rather  from  the  loss  of  consciousness. 

The  use  of  inflight  EEG  for  the  selection  and  evaluation  of  pilots  was  suggested  by 
Sem-Jacobsen  and  Sem-Jacobsen  (1963)  In  a  follow-up  of  Sem-Jacobsen ’ s  1959  work.  Again, 
pilots  were  divided  into  three  groups  based  on  their  inflight  EEG.  Subjects  who  had 
moderate  or  severe  EEG  changes  also  showed  behavioral  responses  to  stress  (e.g.,  eyes 
turning  and  rolling  upward,  loss  of  facial  muscle  tone  followed  by  convulsive  jerking  of 
the  head).  The  EEG  traces  revealed  a  very  short  period  of  flattening  which  preceded  high 
voltage  delta  and  theta  activity.  These  aubjects  demonstrated  rapid  recovery  of  the  EEG 
to  normal  reatrng  activity.  These  episodes  of  high  voltage  activity  lasted  from  4  to  90 
seconds  . 
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In  1.964)  Squiroa  et  si.  exposed  subjects  to  centri filial  acceleration  In  order  to 
evaluate  the  uaa  of  the  BEG  as  an  Index  of  consclouanesa  or  depth  of  blackout.  With 
visual  grayoul  theta  were  increase*  in  the  high  frequency  bands  (16-32  Ha)  as  well  a*  the 
appearance  of  alpha  (6-13  Ha).  In  early  visual  blackout,  low  frequency  beta  (16-19  Ha) 
leveled  o.«it  in  conjunction  with  increases  in  the  lower  frequency  components.  Alpha  disap¬ 
peared  in  deep  visual  blackout.  Equating  (1966)  found  similar  BEG  changea  (appearance  of 
alpha  with  subsequent  delta  presence)  In  his  study  of  the  EEG  during  rapid  decompression. 

Barkhout  at  al.  (1973)  performed  a  centrifuge  study  designed  to  minimise  motion 
artifact  in  the  EEG  recording  while  also  providing  a  balanced  design  for  the  presentation 
of  G  forces.  EKG  was  altered  by  +GZ  even  without  blackout.  The  authors  proposed  that 
theae  chargee  did  not  alter  performance  at  +6  or  +7Gz  if  central  vision  was  maintained. 

dumermuth  et  al.  (1976)  presented  a  clinical  study  of  beta  activity.  Their  purpose 
inaluded  the  further  study  of  what  is  regarded  as  a  regular  finding  in  routine  BEG  re¬ 
cording.  Their  research  focused  on  the  categorisation  of  beta  activity  during  various 
nauro-cogniti ve  states.  The  beta  patterns  that  they  reported  during  conditions  of  exci¬ 
tation  and  croueal  and  during  sleep  could  hsve  major  applications  to  G-LOC  identifica¬ 
tion. 

Recent  studies  reported  in  the  literature  have  relied  on  self-report  questionnaires 
to  collect  demographic  and  subjective  data  on  incidence  of  inflight  loss  of  consciousness 
episodes.  While  these  data  are  useful  and  reflect  the  pilot  recognition  of  G-LOC  and  ite 
consequences,  a  more  reliable  means  for  determining  LOO  needs  to  be  developed. 


BXPGB1MBNTAC.  DBSIGM 

Experiments  were  designed  to  test  the  hypothesis  that  indicators  of  blackout  and 
G-LOC  can  be  derived  from  brain  wave  activity  recorded  from  the  scalp.  Eight  volunteers 
were  subjected  to  rapid  onset  (6G/second)  sustained  +GZ  (7 G)  in  the  USAFSAM  human  centri¬ 
fuge.  All  subjects  underwent  at  least  two  consecutive  s'essions  of  centrifugation  with 
seven  of  the  eight  subjects  experiencing  loss  nf  consciousness  (LOC).  In  six  of  these 
subjects,  two  episodes  of  LOC  were  recorded. 

Monopolar  electroencephalograms  were  recorded  from  Cz  to  Aj  and  Oj  to  A^,  (sites 
from  the  19/20  Electrode  System),  Grass  gold  cup  electrodes  were  held  in  place  with  gauze 
nnd  collodion.  Two  channels  of  electrooculogram  (EOG)  were  recorded  using  standard  five 
lead  set-up  allowing  the  collection  of  both  vertical  and  horizontal  eye  movement  signals. 
EOG  was  collected  to  aid  in  EEG  artifact  identification  and  rejection.  Other  parameters 
recorded  during  +GZ  acceleration  include  electrocardiogram  (Forster,  et  al.  1986)  and 
stick  force  (Whinnery,  et  al.,  1986). 

To  minimize  slip-ring  noise,  pre-amplification  was  accomplished  in  the  centrifuge 
gondola  by  uae  of  a  bank  of  Data  Incorporated  Model  2124  differential  amplifiers  set  at  a 
high  pass  filter  of  0.05-Hz  and  a  low  pass  filter  of  30-Hz.  Signals  were  collected 
through  slip  tings  on  the  centrifuge  and  recorded  on  analog  tape,  AMPEX  Model  3020. 


DATA  ANALYSIS 

Data  were  digitized  at  256  samples  per  Becond  and  divided  into  non-overlapping, 
one-second  epochs.  Fourier  power  spectral  densities  (PSDs)  were  tracked  and  plotted  for 
approximately  one  minute  of  data  encompassing  the  acceleratory  period.  The  processing 
algorithm  removed  the  best-fit  linear  trend  and  baseline  for  each  epoch.  This  process 
removed  the  effects  of  baseline  and  very  low  frequency  shifts  from  the  data.  Windowing 
the  data  was  accomplished  by  multiplying  the  first  and  last  0.1  seconds  of  each  one- 
second  epoch  by  a  split  cosine  bell.  This  tapering  helps  prevent  aliasing  in  the  Fouri-r 
transform  step  to  follow.  Fourier  coefficiento  reauited  from  applying  the  FAST  routine 
from  the  IEEE  "Programs  for  Digital  Signal  Processing"  collection  (IEEE  press,  1979). 


FINDINGS 

The  power  apectral  densities  (PSDs)  were  then  computed  from  the  Fourier  coeffi¬ 
cients.  The  PSDs  we.?  plotted  at  compressed  spectral  nrrayo  (CS As)  which  present  power 
spectral  density  referenced  to  the  first  one-second  epoch.  Sea  Figures  1  through  6.  This 
presentation  allows  comparison  of  frequency  changes  across  the  acceleratory  period.  Time 
in  seconds  is  represented  on  the  vertical  axis  and  power  ie  represented  on  the  horizontal 
axis.  The  onset  of  acceleration  is  noted  on  the  vertical  axis  by  "  ".  Cessation  cf 

accelsration  (G  offset)  is  Indicated  by  *  ”,  The  dotted  line  on  the  vertical  axis  shows 

the  total  acceleratory  period.  Unconsciousness,  determined  by  viawirg  the  videotape  of 
the  subject,  usually  occurred  one  second  prior  to  G  offset.  Subjects  typically  required 
15-20  seconds  to  1 ecover  purposeful  consciousness. 
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Visual  inspection  of  the  CSAs  yielded  these  findings! 

a)  s  significant  increase  in  power  in  the  delta  range  following  unconsciousness ; 
concomitantly, 

b)  a  substantial  reduction  in  power  in  the  beta  range  coincident  with  LOC.  These 
findings  are  evident  for  several  seconds  following  G-LOC  onset.  These  shifts  can  be  seen 
in  Figures  X  through  6, 

Moments  of  the  power  spectral  density  also  reflected  a  relative  shift  to  low  fre¬ 
quency  activity  during  LOC  as  compared  to  the  pre-LOC  recording. 

Pattern  Recognition  Procedure 

Five  exports  familiar  with  reading  power  spectral  plots  attempted  to  classify  the 
compressed  spectral  arrays  (CSAs)  resulting  from  each  subject's  data.  They  examined  the 
epochs  immediately  prior  to  and  after  the  termination  of  the  acceleration  exposure.  Four 
levels  of  frequency  spread  for  each  EEG  channel  were  provided  as  the  visual  stimuli.  The 
judges  classified  the  CSAs  as  either:  a)  showing  a  difference  between  pre  and  post  Gz 
exposure  or  b)  not  able  to  discern  a  difference  between  pre  and  poet  conditions.  Judges 
had  no  knowledge  of  the  subject  or  his  state  of  consciousness  during  the  acceleration 
exposure  and/or  its  aftermath.  Judges  were  able  to  accurately  determine  unconsciousness 
86  percent  of  the  time.  See  Table  1. 


TABLE  1 


Expert  Judgements  from  Compressed  Spectral  Arrays 

Subject 

Number 

Run 

Number 

Expert 

Y  eft 

Judgement 

No 

Event 

LOC /Blackout 

i 

32 

5 

0 

LOC 

i 

33 

5 

0 

LOC 

2 

34 

0 

5 

LOC 

2 

35 

4 

1 

LOC 

3 

36 

0 

5 

Blackout 

3 

37 

- 

- 

Data  Dropout 

.  3 

38 

- 

- 

Data  Dropout 

4 

39 

4 

1 

LOG 

4 

310 

5 

0 

LOC 

5 

311 

5 

0 

LOC 

5 

312 

5 

0 

LOC 

6 

41 

3 

2 

Blackout 

6 

42 

5 

0 

LOC 

7 

43 

0 

5 

Blackout 

7 

44 

- 

- 

Data  Dropout 

8 

45 

5 

0 

LOC 

8 

_ 46 _ 

_ 

_ 

Data  Dropout 

Totals 

43 

7 

86%  Correct  LOC 

The  analysis  of  these  data  is  incomplete.  We  are  applying  more  sophisticated 
analytic  techniques  to  the  data  such  as  pattern  recognition  and  inferential  statistics. 
Further,  these  preliminary  data,  which  suffered  some  contamination  by  movement  artifact, 
will  be  replicated  in  new  studies  of  greyout,  blackout,  end  LOC. 


RECOMMENDATIONS 

We  recommend  that  studies  be  continued  to  validate  and  replicate  these  early  find¬ 
ings  which  indicate  that  EEG  measures  may  provide  earlv  warning  information  on  loss  of 
consc lousneas .  Much  additional  work  needs  to  be  done  to  ootain  robust  and  sensitive  EEG 
measures  which  are  specific  to  G-induced  loss  cf  consciousness.  Intrusive  efforts  should 


be  focused  on  the  period  immediately  preceding  unconsciousness  to  identify  reliable 
premonitory  changes  in  the  BEG.  We  think  that  the  BEG  can  bo  a  valuable  tool  for  deter¬ 
mining  state  of  consciousness  in  the  aviation  environment. 
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Fig.l  SI  run  32  lead  A. 

G-onset  at  15s,  G-offset  at  21s.  Dotted  line  on  the  Y-axis 
defines  the  total  acceleratory  period.  LOC  at  20s. 
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Fig. 2  SI  run  32  lead  5. 

G-onset  at  15a,  G-offset  at  21s.  Dotted  line  on  the  Y-axis 
defines  the  total  acceleratory  period.  LOC  at  20s. 


FREQUENCY  (HZ) 


;.5  S5  run  311. 

G-onset  at  35s,  G-offset  at  42s.  Dotted  line  on  the 
defines  the  total  acceleratory  period.  LOC  at  41s. 
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S6  run  42. 

G-onaet  at  22s,  G-offset  at  32s.  Dotted  line  on  the  Y-axis 
defines  the  total  acceleratory  period,  LOC  at  31s. 
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3 KELLY,  US:  How  many  trial*  did  you  have  per  station  for  each  subject?  Did  you  find  any  cumulative 
affects?  Were  thara  change*  in  the  duration  and  latency  of  your  high  frequency  components  as  you 
approached  loss  of  con*ciouene*»  (LOG)? 

LEWIS,  US j  Wa  tried  to  complete  all  of  our  run*  at  one  time,  ao  we  had  2  LOCa  that  occurred  within  a 
period  of  25-30  minute*.  We  didn't  find  any  cumulative  affects;  this  has  bean  raised  before  as  a  safety 
concern.  Wa  were  studying  racoverias  to  1G-  and  2G-forces,  the  trials  of  which  we  counterbalanced  — 
one-half  the  subjects  were  tasted  first  at  1C;  half  at  2G,  We  didn't  find  any  differences  there.  Bear  in 
mind  that  wa  had  a  very  small  sample  size;  only  6  subjects  with  LOC. 

GEVINS ,  USi  Ths  data  that  you  bavs  shown  look  encouraging.  They  indlcata  that  there  may  be  a  chance  of 
recording  good  electrophyeiological  elgnala  —  EBGt  and  evoked  potentials  —  which  may  be  useful  In  pre¬ 
dicting  pilot  blackout.  The  major  problem  will  be  the  isaue  of  artifacts,  and  there  ien'r.  really  anyway 
of  avoiding  it*  What  1  would  suggest  is  that  all  lnveatlgatora  should  be  ultra  cautious  in  interpreting 
the  phenomena  that  they  record  from  the  scalp  in  simulators  snd  in  flight.  It  needs  to  be  determined 
whether  It  is  purely  an  slsctricsl  brain  activity  or  whether  It  is  contaminated  with  artifacts  from 
muscles,  eyeball  rolling,  etc. 

WEISS,  US;  Your  Run  #34  stood  out  as  a  unique  case.  What  was  different  about  the  spectral  analysis  In 
that  particular  lnatancs? 

LEWIS,  US:  Almost  all  of  his  results  were  movement  artifacts.  He  use  one  of  our  LOC  subjects. 

WEISS,  US:  That  reinforces  Dr.  Kevins'  conjecture  that  artifacts  must  be  considered  in  any  study  of  this 
type.  You  didn't  mention  that  you  monitored  neck  EMG  which  would  be  the  most  obvious  physiological  signal 
to  measure  if  you  are  concerned  with  LOC. 

LEWIS,  US:  In  this  first  study  that  we  reported  on,  we  did  not  record  EMC.  However,  in  our  .iext  study  we 
ere  scheduled  to  record  5  channele  of  EMG,  which  will  also  be  taken  during  anti-G  straining  maneuvres.  We 
will  also  be  using  sensors  for  detecting  head  lull. 

GAIJLARD,  HE:  As  I  understand  it,  you  brought  your  subjects  rather  quickly  to  7G.  If  you  had  done  it 
elow«r  or  kept  your  subjects  ut  a  lower  G-level  —  say  6C  —  then  the  process  of  going  into  unconscious¬ 
ness  would  also  be  much  slower  and  you  would  have  more  time  to  otudy  it  and  collect  more  data. 

LEWIS,  US:  We  wanted  to  have  the  subjects  lose  consciousness  as  quickly  as  possible,  as  we  felt  this  to 
be  the  safest  practise.  In  cur  next  study,  we  will  be  collecting  data  Lo  gray-out,  blackout  and  uncon¬ 
sciousness  during  rapid  G-onsets.  We  will  repeat  the  experiments  for  gradual  C-onaeta,  except  for  study¬ 
ing  the  state  of  unconsciousness ,  which  would  mean  that  the  brain  waa  deprived  of  oxygen  for  an  extended 
period,  and  would  be  dangerous  to  the  subject.  Wf.  will  also  Introduce  realism  into  that  flight  by  having 
rome  subjects  perform  the  anti-G  straining  maneuvre  while  their  responses  are  recorded. 


30-1 


DETECTION  OF  ACCELERATION  (  +  G»)  INDUCED  BLACKOUT  BY 
MATCHED-FILTERING  OF  VISUAL  EVOKED  POTENTIALS 
by 

John  G«  Nation,  Joseph  P.  Cammarota,  Leonid  Hreblen 
U.S,  Naval  Air  Development  Center,  Warraineter,  PA  18974-5000,  USA 


SUMMARY 

Tn  a  i  r -comba  t -mane  u  ve  r  i  ng  and  on  human  ce  nt  i  f  uge  e  ,  moderate  levels  of  positive 

acceleration  (+Ci),  coupled  with  moderate  rates  ->f  onset,  produce  visual  symptoms  which 

are  ordinarily  progreaaive:  Decreasing  visual  sansltivlty,  dimming  of  the  visual  field, 
peripheral  light-loss,  and  central  light-loss  (black-out)*  Since  these  symptoms  provide 
warning  of  impending  loss  of  consciousness,  subject iva  visual  syaptoms  are  the  most 
commonly  used  tolerance  end  point  in  acceleration  rerearch. 

In  order  to  provide  an  object i ve  indication  of  the  Integrity  of  the  visual  system,  we 

have  developed  a  method  for  real-time  monitoring  of  the  steady-state  visual  evoked 

potential  (YEP).  Since  significant  degradation  of  vleual  functioning  suit  be  recognised 
in  approximately  three  seconds,  wa  requirad  a  previously  unattalned  efficiency  in 
producing  and  measuring  the  VEP,  Using  the  Past  Pourler  Transform  (PPT),  we  developed  a 
method  for  maximising  the  elgnal-to-noise  ratio:  A  digital,  frequoncy  domain,  non-whlte- 
nolse  matched  filter,  with  evaluation  only  at  the  expected  reaponee  peak.  The 
coefficients  of  Che  matched  filter  are  determined  empirically  by  analysis  of  test  data 
obtained  in  a  static  run.  Just  prior  to  the  dynamic  (+Ga)  run* 

Experiments  on  the  U.S*  Naval  Air  Davelopmant  Center's  Human  Centrifuge  demonstrated 
thet  the  response  does  progressively  decrease,  disappearing  at  black-out.  Improved 
computer  facilities  heve  permitted  evaluation  of  alternative  methods  of  processing  ,  and 
the  effectiveness  of  such  processing. 

Data  from  a  static  (non-centrifuge)  experiment  using  four  stimulus  repetition  rates 
and  two  electrode  positions  showed  that  windowing  of  the  time  record  prior  to  PPT  does  not 
necessarily  Improve  detection.  In  addition,  it  was  found  that  the  intlal  slg nal-to-noiae 
ratio  (S/N)  of  the  VEP  was  -20  db.  Matched-filtering,  using  a  3-eecond  sliding  average, 
gave  an  Improvement  in  S/N  of  30  to  33  db. 

INTRODUCTION 

During  exposure  to  sufficiently  high  +Gc  acceleration,  subjects  on  human  centrifuges 
(and  pilots  of  high-performance  aircraft)  will  experience  the  ordinarily  progressive 
symptoms  of  peripheral  light  lose,  gray-out,  black-out,  and  ultimately  loss  of 
consciousness  (LOC),  due  to  the  reduction  or  elimination  of  blood  supply  to  the  eye  and 
brain  (Duane,  1954,  Leverett  et  al.f  1966).  With  moderate  rates  of  acceleration  onset, 
each  stage  of  visual  loss  Is  usually  premonitory  of  the  next,  providing  a  margin  of  safety 
with  respect  to  Inadvertent  LOC.  Therefore,  measures  of  visual  functioning  are  the  usual 
end-points  in  acceleration  research  (Burton  et  al.,  1974;  Coburn,  1970;  Duane  et  al., 

1962,  Kruts  et  al*,  1975)  and  visual  symptoms  are  also  the  cue  used  by  pilots  to  adjust 
"G-dosage"  to  tolerable  limits.  On  the  human  centrifuge,  we  ordinarily  use  the 
NAVAIRDE VCEN  Light-Bar  (Cohe  i  ,  1981),  as  shown  in  Figure  i*  With  this,  tho  subject  uses  a 
control  stick  to  keep  right  and  left  Lights  (Light  Emitting  Diodes  In  a  continuous  string) 
at  the  edge  of  what  remains  of  his  peripheral  vision.  The  test  run  is  terminated  when 
vision  has  tunneled  to  a  60  degree  cone. 


Figure  1.  Naval  Air  Development  Center  light  bar,  used  to  track  dynamically  the  Ions 
of  peripheral  vision  under  +G*  acceleration. 
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Sine*  the  expar laentally  determined  end-point  is  the  basic  datum  tor  our  cotnparlons 
of  G-protective  devices  and  methods,  an  objective  indication  of  the  integrity  of  the 
visual  system  is  very  desirable.  The  fleet  requirement  which  we  address  Is  improved  G- 
tolerance,  and  this  requires  the  best  methods  for  evaluating  proposed  Improvements. 

Better  methods  increase  the  precision  of  the  experiment,  and/or  decrease  the  number  of 
tests  required  to  reach  a  decision  at  an  acceptable  level  of  confidence. 

In  ordar  to  provide  this  objective  indication,  we  have  developed  a  me  od  for  real¬ 
time  monitoring  of  the  steady-atate  visual  evoked  potential  (VEP).  (Nelson,  at  al.,  1980- 
1 9  8  A  >  •  The  VEP  la  a  small  signal  measured  by  surface  electrodes  on  the  back  of  the  head, 
and  is  produced  by  viewing  a  flashing  light  (Ragan,  1972  6  1977).  (Figure  l  also  shows 
our  strobe  light  mounted  at  the  center  of  the  light  bar).  Since  significant  degradation 
of  visual  functioning  must  be  recognised  by  ua  in  less  than  four  to  five  seconds,  and 
since  the  VEP  has  a  slgnal-to-noise  ratio  (S/N)  of  the  order  of  -20  db,  we  required  a 
previously  unattained  efficiency  In  producing  and  measuring  it.  (Note  that  the  noiae  la 
the  basic  background  a lactroancephalogram ,  not  alactronic  noise).  Time-averaging,  which 
is  the  moat  commonly  used  method  for  S/N  improvements  in  VEP  studies,  is  definitely  not 
adequate  for  our  requirements  for  speed  of  response  (Donchin  and  Llndaley,  1969). 

While  many  other  noise  reductive  methods  for  real-time  monitoring  or  off-line 
analyaia  of  the  VEP  have  been  used  (Regan,  1977,  Etaensteln  6  Morgan,  1982,  J.  1.  Nelson 
1984,  McGillem  and  Aunou ,  1983),  our  method  appears  to  be  the  only  one  to  attempt  a  formal 
maximisation  of  S/N.,  with  both  signal  and  noiae  characterised  empirically.  In  brief,  we 
use  the  Fast  Fourier  Transform  (FFT)  to  implement  a  non-whlta-nolsa  matched  filter  to 
detect  the  VEP.  Thle  method  was  applied  in  an  experiment  on  the  Navy's  Dynamic  Flight 
Simulator  (Human  Centrifuge),  and  presented  at  the  1983  Annual  Meeting  of  the  Aerospace 
Medical  Aseoclation  (Nelson,  Hrebien,  Palumbo,  and  Cohen,  1983).  That  experiment  showed 
that  the  VEP  decreased  as  the  tolerance  limit  la  approached,  and  probably  disappears  at 
CLL,  confirming  earlier  work  by  Duane  et  al.,  1962,  Figure  2  shows  a  specimen  real-time 
run,  and  Plgure  3  shows  the  weighted  mean  for  all  such  runs  from  that  atudy.  For  slow 
onset-rate  +Gs  ramps  to  relaxed  tolerance,  compensation  appears  adequate  to  prevent  visual 
problems  for  the  first  602  of  the  acceleration  ramp,  as  shown  in  Figure  3.  Beyond  that 
point,  Increases  In  acceleration  result  in  a  rather  regular  and  progressive  decrease  in 
this  measure  of  visual  functioning.  This  decrease  occurs  over  approximately  22  sec.  under 
these  conditions.  In  a  previous  (static)  study  (Nelson  and  Hrebien,  1982(b)),  mechanical 
occlusion  of  the  stlmuluo  resulted  in  a  precipitous  loss  of  response. 


Plgure  2*  Specimen  real-time  run  Bhowlng  %  vision  as  a  function  of  +  Gs  acceleration. 
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Figure  3,  Weighted  mean  of  X  Base  Vision  for  all  +  Gz  acceleration  runs,  with  1  G/ 15 
sec#  acceleration  ramp# 


We  now  have  a  new  computer  system  which  gives  us  greatly  expanded  capabilities.  It 
conelsts  of  a  Digital  Equipment  Corp  MINC  (LSI— 11/23)  computer,  two  10.2-megabyte 
cartridge  discs,  an  800  &  1600  bpi  magnetic  tape  transport,  analog  to  digital  converter 
(A/D)  with  direct  memory  access  (DMA),  digital  to  analog  conversion  (D/A),  IEEE-488 
interface  with  DMA,  digital  plotter,  printer,  and  a  Sky  Computer  vector  processor.  The 
vector  processor  is  capable  of  one  million  floating-point  operations  per  second  (1 
megaflop),  using  DMA. 

This  system  permits  us  to  calculate  FFT a  and  other  functions  much  more  rapidly,  and 
therefore  more  frequently,  in  real-time  and  off-line.  (As  a  bench-mark  example,  a  1024 
pt.  complex  floating  point  FFT  requires  60  msec)#  The  discs  and  magnetic  tape  permit  the 
recording  of  all  raw  data,  so  that  alternative  processing  methods  can  be  applied  to  the 
same  data  set.  The  industry-standard  mag-tape  permits  data  processing  on  other  systems, 
such  as  the  NADC  Central  Computer,  which  have  extensive  hardware  and  software  resources. 

In  an  analysis  directed  toward  simplification  of  the  computations  required  by  our  VEP 
signal  detection  technique  (Nelson  and  Hrebien,  (1982(a)),  it  became  apparent  that  this 
method,  which  was  derived  from  elementary  compound  variables  theory  (Guilford  and 
Fruchter,  1978),  is  an  implementation  of  a  non-white  noise  (NWN)  matched  filter,  which 
originated  in  the  processing  of  radar  signals.  Ac.  in  many  signal  detection  techniques,  we 
desired  to  operate  on  an  input  of  signal  plus  noise  (VEP  +  background  EEC)  with  a  linear 
filter  to  produce  an  output,  whose  S/N  is  maximum  at  a  selected  time.  It  has  been  shown 
thar.  thts  maximization  is  only  achieved  by  the  use  of  a  NWN  matched  filter  (Turin,  1960). 

A  detailed  examination  of  the  application  of  the  rotations  and  the  optimal  weights 
computed  in  the  previous  method  revealed  that  they  performed  the  same  linear  operations 
that  a  NWN  matched  filter  would  have  performed,  given  the  same  signal  and  noise 
conditions.  Realizing  this,  we  save  considerable  computation  time  by  the  direct 
implementation  of  the  NWN  matched  filter.  The  description  of  the  method  is  also  much  more 
compact  • 

This  filtering  process  is  indicated; 


e(t)+n(t) 


XV 
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With  definitions  being: 

s(t)  -  VEP  («•  function  of  tine) 

n(t)  "  background  EEC 

S(Jw)  ■  Fourier  transform  of  s(t) 

|N< Ju ) | 2  ■  Power  spectral  density  of  n(t) 

H(Ju>)  ■  Filter  transfer  function 

XV  -  percent  base  vision 

The  filter  transfer  function  la  given  by: 


H(ju)  -  K  S»( 


»U.sJ- 

|N(Jw 


-jUT 


J“)|  * 


where  K  is  an  arbitrary  scaling  constant  and  t  Is  a  time  delay,  necessary  to  make  the 
filter  realisable  (  t  is  Inherent  In  the  sampling  process). 


A  direct  Implementation  of  this  filter  would  start  with  the  estimation  of  S*(jw)» 

IN  ( j  u)  )|  ,  using  the  parameter  estimation  runs.  Computations  in  the  real-time  runs  then 

consist  of  taking  the  Fourier  Transform  of  the  VEP  +  EEC,  multiplying  this  by  H(Ju')»  then 
summing  the  real  components  of  this  product  to  obtain  a  single  quantity  indir.&tlng  percent 
baae  vision. 


The  matched  filter's  coefficients  are  determined  by  analysis  of  data  obtained  In  a 
static  run.  Just  prior  to  the  dynamic  (  +  Gz)  run  on  the  centrifuge,  thereby  adapting  the 
filter  to  the  unique  combination  of  subject,  electrode  placement,  stimulating  frequency, 
and  other  variables,  including  some  uncontrolled  factors. 


Given  the  new  computer  capability,  ve  designed  and  completed  an  experiment  to 
investigate  some  of  the  questions  which  had  accummulated  from  our  prior  analysis  and 
experiments:  Is  "windowing 11  beneficial,  what  is  the  underlying  S/N,  what  improvement  In 
S/N  is  achieved,  what  is  the  effect  of  electrode  position,  etc?  An  additional  purpose  of 
the  experiment  was  to  provide  an  archived  database  where  some  new  questions  might  be 
investigated  without  the  requirement  to  collect  new  data. 

Since  our  last  acquisition  of  computer  data  processing  capability  for  this  effort 
(Sky  Vector  Processor,  1983),  significant  progress  has  been  made  in  price  and  performance 
of  such  equipment  and  software.  At  the  lower  end  of  the  pr i ce - pe r f o rmance  continuum,  our 
methods  to  date  can  be  replicated  at  lover  cost.  Further  along  the  continuum,  the 
proposed  Improvements  can  now  be  implemented  at  moderate  cost. 

METHOD 

Using  a  repeated  measures  design,  eight  subjects  (Ss)  were  tested  with  four  strobe 
repetition  rates  (2,  A,  8,  end  16Hz),  with  three  test  runs  per  S  at  each  rate.  The  teat 
rum  were  two  minutes  in  duration,  with  one  minute  rest  periods  Interspersed,  The  visual 
evoked  potential  (VEP)  was  measured  at  two  electrode  locations  (primary  and  secondary 
visual  projection  areas). 

Subjects  were  male  Navy  enlisted  (seven)  and  officer  (one)  volunteers  from  the 
laboratory's  medical  support  contingent.  Informed  consent  was  obtained  as  required  by  the 
laboratory's  Committee  for  the  Protection  of  Human  Subjects.  The  Committee  also  approved 
the  experimental  protocol. 

Tests  were  conducted  In  a  sound-attenuating  chamber,  which  also  provided  electrical 
shielding,  and  Ss  wore  both  ear-plugs  and  ear-defenders  to  attenuate  strobe  sound,  in 
order  to  avoid  contamination  of  the  VEP  by  an  auditory  EP  .  No  Ss  reported  being  able  to 
hear  the  strobe.  An  aircraft  seat  with  lap-belt  fastened  was  used  by  the  Ss.  The  chamber 
was  lighted  with  2  hooded  DC  peanut  bulbs,  with  intensity  adjusted  by  the  safety  observer 
to  be  able  to  see  the  subjects  eyes,  face,  and  posture.  While  we  have  never  observed 
strobe-induced  seizure,  Si  were  Informed  of  the  rick,  a  medical  corpsman  was  In 
attendance,  and  a  flight  surgeon  was  on  call. 

Primary  electrodes  were  placed  at  positions  due  to  Drasdo  (1980),  who  reported  an 
anatomical  study  of  the  location  of  the  visual  projection  areas.  The  first  electrode  was 
positioned  on  the  oldline  at  5%  (of  the  Inion-naeion  distance)  above  the  inion.  This  is 
midway  between  the  tnion  end  0*  in  the  International  10-20  system  (Jasper,  1958).  The 
second  primary  electrode  was  located  20X  (of  the  lnlon-nasior.  distance)  to  the  right  of 
the  first  electrode.  Both  electrodes  ware  referred  to  Pz  (In  the  10-20  system),  with 
right  mastoid  as  ground. 

The  electrodes  were  Beckman  miniature  si  1 ver /el lver-chlor lde  ,  stored  in  normal 
saline.  Thecs  electrodes  were  modified  to  permit  injection  of  electrode  paste  (Signs  gel) 
after  application.  This  modification  was  made  after  observation  of  EEC  lab  procedures. 
Electrode  sites  were  cleaned  with  Omni-Prep,  rubbed  with  paste,  and  the  electrodes  were 
secured  with  collodion  (non-f lexible )  and  Dlown  dry.  This  procedure  is  fast,  reliable, 
and  Che  electrodes  are  much  more  securely  attached.  Electrode-pair  impedance  was  held  to 
less  than  4K  ohms. 
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Figure  6.  Interconnection  of  system  elements. 

RESULTS  end  DISCUSSION 

In  all  of  our  earlier  work  on  the  VEP,  we  made  a  somewhat  arbitrary  decision  to  use  a 
uniform  weighting  (rectangular  window)  for  the  t iroe- f unc t ion  data  os  opposed  to  using  the 
von  Hann,  Hamming,  or  other  window  (Harris,  1978).  Non-uniform  windows  are  symetrlc 
weighting  functions  with  weights  smoothly  decreasing,  closely  approaching  zero  as  the 
function  nears  Its  beginning  and  end.  The  choice  of  the  uniform  window  was  based  upon  the 
fact  that  all  of  our  signal  components  have  been  selected  to  be  whole-cycle  within  the 
selected  time  frame,  with  noise  in  general  not  being  whole  cycle.  A  uniform  window  will 
be  maximally  sensitive  to  such  signals,  and  will  distort  only  the  spectral  estimates  of 
the  noiae,  not  the  estimates  of  the  signal. 

Our  new  computer  system,  with  its  data  collection,  storage  and  processing 
capabilities,  permitted  us  to  evaluate  our  previous  choice  of  window.  The  data  were 
processed  twice,  with  two  solutions  per  second,  with  the  percent  vision  variable  being 
output  at  the  same  rate,  with  each  X  vision  estimate  the  mean  of  the  last  six  solutions, 
giving  a  three-second  running  average.  A  3-second  average  was  chosen ,  since  detection  of 
lose  of  vision  within  3  seconds  would  be  satisfactory  for  our  application.  When 
processing  with  the  uniform  window,  1/2  sec.  time  frames  were  used.  When  processing  with 
the  non-uniform  window,  one-second  time  frames  were  used,  with  50%  overlap. 

The  non-uniform  window  selected  was  the  minimum  3-term  Blackman-Harrls  (B-H)  (Harris, 
1978),  This  window  has  an  equivalent  nolee  bandwidtn  of  1.71,  with  Its  first  sidelobe  at 
-67db.  With  50%  overlap,  estimates  sra  esssntlslly  independent,  elnce  the  shared  variance 
(correlation  equared)  is  only  1%,  since  r  -  .096.  Also,  the  levol  of  the  first  sidelobe 
of  the  window  is  nearly  down  to  the  -72  db  resolution  noise-floor  of  our  A/D  converter. 

For  each  run,  for  each  window,  matched  filters  were  derived  and  used  to  output  % 
Vision  for  that  run.  Cosfflclsnts  of  variation  (CV:standard  error  of  %  vision,  divided  by 
mean  %  vision,  scaled  as  %)  were  calculated.  A  chi-square  evaluation  of  the  relative 
frequency  of  uperiority  of  the  two  windows  showed  the  uniform  window  to  be  slightly  (but 
quite  non-sig nif i cant  1 y )  superior. 

Using  the  ratio  of  the  two  CVs  resulting  from  application  of  the  two  windows,  an 
analysis  of  variance  showed  frequency  of  stimulation  to  be  marginally  significant 
(p  <  .05).  An  axsmlnatlon  of  the  mean  values  showed  that  the  B-H  window  improved  mean 
performance  for  the  2H s  stimulus  (10%  improvement)  and  for  (7%  Improvement),  with  the 

uniform  window  superior  (by  only  2%)  at  8  and  16Hz,  When  correlations  of  CV»  between  the 
three  rune  in  each  eet  were  examined,  the  B-H  window  waa  found  to  produce  moderately 
higher  correlations  between  runs.  A  further  ANOVA  of  CVs,  with  uniform  window  lor  run  #1, 
and  B-H  windowing  for  run  #2,  showed  frequency  again  to  be  only  marginally  significant  (p 
<  .05),  but  the  window-by-f requency  effect  was  significant  at  the  1%  level. 

Since  the  B-H  window  did  not  show  clear  advantages  for  this  set  of  dita,  particularly 
at  those  stimulation  frequencies  giving  better  detectability,  the  uniform  window  was  used 
in  further  analysis.  However,  since  window  choice  did  affect  results,  choice  of  window 
will  continue  to  be  evaluated  in  future  applications,  to  determine  what  Is  best  for  that 
particular  data  set. 


Ualng  the  CV  derived  with  the  uniform  window*  an  ANOVA  showed  frequency  of 
stimulation  to  be  significant  (p  <  .01).  The  mean  values  of  CV  for  2,  4,  8,  and  16  Hz 
stimulus  repetition  rate  were  70,  51,  44,  and  56  respectively,  with  8  Hr  being  the  best 
stimulus  overall. 

In  this  and  other  comparisons,  electrode  position  was  non-sig nif lean t .  Since  even 
visual  inspection  of  the  signals  at  the  two  electrode  sites  indicated  gross  differences  in 
frequency  composition,  as  shown  in  Figure  7,  the  approximate  equality  of  the  two  sites  is 
encouraging  in  that  combining  channels  in  future  applications  should  give  a  useful 
improvement  in  detection.  This  ie  due  to  the  fact  that  while  there  are  moderate 
correlations  of  the  noises  at  the  two  sites  at  the  same  frequencies,  the  noises  at 
different  frequencies  are  independent. 
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Figure  7,  Time  average  of  VEP  for  one  subject,  15  H*  stimulus,  showing  difference  in 
signals  at  two  electrode  sitae. 


The  simplest  method  for  combining  the  data  from,  for  example,  two  electrode  altes, 
would  be  to  use  the  two  values  of  XV,  determine  the  simple  noise  correlation,  and  form  an 
optimum  weighted  sum  using  the  expectation  for  the  variance  of  a  weighted  aum  of 
correlated  variable#  (Guilford  and  Fruchtar,  1978,  p.  390)  to  maximize  the  S/N  of  the 
resulting  compound*  Improved  detection  would  result,  but  the  approach  is  sub-optimal. 

The  optimal  approach  will  require  determination  of  Che  correlation  between  the  two  noiaei 
at  a  spectral  point,  after  both  signals  have  been  rotated  to  positive  real.  Following  the 
optimal  combination  (as  above  for  XV)  at  each  spectral  point,  ma t chad- f 1 1  ter  theory 
(Turin,  1960),  specifically  the  Cauchy -Schwer s  inequality,  will  provide  the  weights  to 
fora  the  final  compound  variable,  XV,  If  the  notes  correlations  at  the  different  spectral 
points  differ  significantly  from  each  other,  then  a  significant  improvement  In  detection 
performance  will  result  from  ualng  this  second  (more  compute t Iona Uy  intensive)  method. 
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The  formal  model  of  the  VEP  (signal)  combined  with  background  EEC  (noise)  required  by 
matched  filter  theory  ia  one  of  independent  additivity.  In  this,  as  in  previous  studies, 
we  have  found  only  small  deviations  of  data  from  model.  Figure  8,  from  a  previous  study 
with  a  strobe  repetition  rate  of  3.2  Hz,  shows  a  alight  but  consistent  elevation  of  noise 
power  at  the  harmonic  pointB,  relative  to  the  adjacent  non-harmonic  points.  This  was  also 
found  in  the  present  study.  The  most  parsimonious  Interpretation  of  this  is  that  it  is 
due  to  a.  small  degree  of  signal  instability,  contrary  to  the  model.  The  data  definitely 
do  not  support  any  photic-driving  or  capture  theory  (Regan,  1972,  p.  77),  wherein  it  is 
postulated  that  the  background  EEG  Is  brought  into  syncronl sat  Ion  with  the  stimulus, 
thereby  producing  the  VEP.  If  capture  occurred,  it  would  decrease  the  noise  at  the 
harmonic  points.  The  additive-independent  model  appears  to  provide  an  adequate 
approximation . 
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Figure  8.  Noise  (RHS)  residue  after  removal  of  signal,  with  markers  at  harmonic  points 
(3.2  He  stimulus). 


Since  the  reason  for  applying  a  matched  filter  to  VEP  data  Is  to  maximise  the  elgnal- 
to-nolse  ratio  (S/N),  an  analysis  in  S/N  terms  wae  conducted.  A  S/N  was  calculated  for 
each  run,  using  the  un-weighted,  un-processed  ensemble  of  time-functions.  Ths  over-all 
median  for  this  initial  S/N  was  -19. 4  db.  The  medisn  S/N  of  the  X  vision  variable,  using 
the  3-seeond  running  sversge,  and  applying  the  filter  to  the  data  set  from  which  it  was 
derived,  was  +14,3  db,  for  an  Improvement  of  33.8  db.  When  the  filter  wai  derived  from  a 
run,  then  applied  to  the  next  run,  the  median  shrinkage  wae  3.8  db ,  for  a  net  30  db 
improvement.  This  shrinkage  indicates  that  adaptive  estimation  procedures  may  provide  a 
worthwhile  Improvement  in  detection,  particularly  when  shifts  in  background  EEG  are 
expected . 

Shifts  lu  the  background  EEG  spectrum  are  to  be  expected  under  conditions  of  +Gt 
acceleration  (Berkhout,  et  si.,  1973;  Duana ,  et  al.f  1  962;  the  Sem-J acobsens ,  1963; 
Squires,  et  el.,  1964),  and  the  noise  term  of  the  matched  filter  should  therefore  adjust 
dynamically  to  reflect  this. 

Prior  to  the  dynamic  (+G*  accs ler a t  ion )  run,  all  apectral  points  are  fully  useable 
for  nolee  apectrs  estimation.  During  the  run,  when  tV  may  have  decreased,  the  spectral 
points  which  contain  no  signal  (adjacent  points)  are  fully  useable  for  estimation  of  the 
envelope  of  the  spectrum.  In  addition,  quadrature  (to  the  signal)  noise  may  also  be  used 
to  update  the  spectral  estimates  of  noise  and /or  the  envelope  of  the  noise  spectrum. 

These  quadrature  estimates  have  but  one  deg ree-of -f reedoa ,  rather  than  the  two  (real  and 
quadrature)  available  at  each  conventional  spectral  point,  but  they  are  estimates  of  the 
only  noises  of  dirset  interest.  Noise  estimate*  at  adjacent  spectral  points  are  useful 


only  co  Che  extent  that  they  can  be  used  to  estimate  noise  at  those  spectral  points  where 
there  is  (normally)  also  signal. 

When  new  data  are  available  from  acceleration  runs,  we  will  then  be  able  to  evaluate 
the  trade-off  between  lags  in  dynamic  estimates  and  Instability  of  the  estimates.  It 
should  also  be  noted  that  these  shifts  in  the  EBG  spectrum  will.  In  themselves,  be  of 
interest  (Lewis  &  Miller,  1987). 

To  express  the  obtained  30  db  improvement  In  S/N  in  other  terms,  conventional 
sampling  theory  indicates  that  a  sample  a i ze  of  1000  is  required  to  give  this  degree  of 
reduction  in  error  variance.  In  a  3-second  time  frame,  with  stimulus  repetition  rates 
varying  from  2  to  16  Hz,  the  available  sample  size  for  time  averaging  ranges  from  6  to  48 
(whole  cycles  of  the  fundamental). 

Looking  at  the  results  of  the  best  stimulating  frequency  for  each  S  we  find  8  Hz  is 
best  for  4  Ss,  with  4  and  16  Hz  best  for  2  Ss  each.  The  2  Hz  rate  was  not  the  best  for 
any  S.  Figure  9  illustrates  that  subjects  differed  in  frequency  composition  of  the 
response,  as  well  as  resulting  S/N.  Selecting  the  best  stimulus  for  each  S  gave  an 
improvement  of  the  order  of  2  db.  However,  selecting  the  best  frequency  for  each  S  gave  a 
4.4  db  difference  between  the  Ss  with  the  highest  and  lowest  S/N,  while  one  S  showed  an 
8.2  db  difference  between  this  best  and  worst  frequency  of  stimulation.  Since  It  is 
likely  that  all  of  the  stimulating  frequencies  were  non-optlmal  for  the  indlvual  Ss,  and 
in  some  cases  grossly  so,  the  use  of  a  swept-f requency  technique  to  determine  a  genuine 
optimum  for  each  S  should  improve  overall  results,  with  radical  improvement  for  Ss  with 
highly  peaked  responses  (Spekreijse,  1966).  A  swept-f requency  search  is  required,  since 
system  non-linearities  prevent  a  more  analytic  approach  to  determining  an  optimum.  Figure 
10,  the  time  averages  of  the  response  for  one  subject  at  three  stimulus  repetitions  rates, 
shows  the  strong  non-linearity  of  the  response, 
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Figure  9.  Time  averages  of  VEP  for  two  subjects,  sane  stimulus  and  electrode  sites  for 


30-10 


>• 

■D 


<U 

o 

in 


subject:  d 

FLASH  RATE:  8 


/VAvAvAv 


MJECT:  D 
FLASH  RATE:  IB 


rvrrmm 


Horizontal  axis  scale  0-500  mS 


Non-Linearity  of  VEP 

Figure  10.  Time  averages  of  VEP  for  one  subject  at  three  flash  rates,  showing  non¬ 
linearity  of  response. 

In  Figure  11,  we  show  an  analysis  of  all  of  the  runs  made  with  an  8  Hz  strobe  rate, 
summarising  the  total  normalized  power  and  coherence  as  functions  of  frequency. 

(Coherence  Is  the  proportion  of  total  power  that  is  due  to  signal  (VEP)  power)  (Bendot  and 
Plersol,  1971).  The  18  db  range  of  noise  demonstrates  Che  requirement  for  non-vh 1 te -no i s e 
assumptions  when  implementing  tho  filter.  The  distribution  of  the  coherence  across  many 
harmonic  points  demonstrates  the  advantages  of  processing  the  full  harmonic  content  of  the 
response.  Single  frequency  filters,  even  of  the  (expensive)  precision  phase -sens l t i ve 
lock-nnp 1 1 f ie r  type,  ( J  .  I.  Nelson,  1984  )  can  only  look  at  one,  out  of  approximately 
eight,  of  the  significant  components  of  the  signal. 

The  plot  of  the  maximum  coherence  achieve.!  in  any  run  indicates  that  Individual  cases 
of  useable  components  occur  out  to  100  H*.  so  selection  of  a  frequency  cut-off  should  not 
be  based  upon  average  results.  The  nulls  In  the  coherence  function,  which  occur  at  the 
non-harmonic  points,  indicate  that  one  of  the  functions  of  the  matched  filter  Is  to  serve 
as  a  comb  filter,  having  zero  gain  at  the  non-harmonic  points. 

The  large  S/i,  Improvements  achieved  to  date  have  provided  a  measure  which  la  a 
valuable  adjunct  to  other  measures,  such  os  the  light-bar  or  doppler  blood  flow  to  the 
brain.  For  uae  as  a  reliable  end-point,  the  present  Improvement  in  S/N  of  approximately 
33  db  will  need  to  be  Increased  by  an  additional  5  to  6  db.  This  goal  mav  be  achievable. 

The  signal  processing  methods  developed  during  this  effort,  while  directed  toward  the 
solution  of  our  particular  problem,  the  detection  of  loss  of  VEP  under  acceleration,  could 
be  applied  to  considerable  advantage  in  other  VEP  research  efforts,  and  to  processing  of 
paychophys to  log  lea  1  data  in  general.  Improved  monitoring  of  VEP  during  cranial  surgery 
would  be  an  example  of  a  practical  clinical  application  (Feinsod  at  al.,  1976).  The 
elimination  of  any  frequency  components  which  arc  entirely  nolee,  and  the  differential 
weighting  in  terms  of  S/N  at  the  other  frequencies  would  give  much  more  sensitive 
measures,  and  could  reveal  important  components  of  the  response  which  would  otherwise 
remain  undetected.  Large  algnal  components  with  large  associated  noise  can  completely 
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Summary 

Both  laboratory  and  in-flight  studies  were  carried  out  in  order  to  evaluate  the 
utility  and  feasibility  of  BEG  monitoring  as  a  means  of  Identifying  central  nervous  system 
correlates  of  performance  and  <3- force  effects  during  military  flight  operations.  Pour 
studies  were  conducted,  two  with  controlled  laboratory  eimulatior,,  and  two  in  actual 
flight  during  military  training  missions.  Data  analysis  focused  on  EEC  power-spectral 
density  characteristics  and  their  temporal  modulation,  specifically  in  sensorimotor  and 
visual  cortical  areas.  Several  consistent  findings  emerged.  During  competent 
performance,  a  highly  unique  discrepancy  appeared  between  left  and  right  hemispheres  in 
central  8-15  Ms  activity.  This  pattern  disappeared  as  performance  degraded.  The  temporal 
modulation  of  this  activity  alto  reflected  these  changes.  During  high  a- force 
situations,  power  at  frequencies  below  8  He  was  progressively  and  non-epecifically 
enhanced.  Continued  competent  performance,  however,  was  still  reflected  by  the  pattern 
described  above.  These  findings  are  discussed  in  terms  of  their  neurophysiological 
implications. 

I .  Introduction 

The  challenge  of  central  nervous  system  assessment  in  relation  to  the  physiological 
and  cognitive  demands  of  modern  military  flight  has  several  distinct  components.  First, 
the  data  collected  must  accurately  identify  a  relevant  index  of  brain  physiology.  Second, 
the  methods  used  to  obtain  requisite  biological  signs  must  not  interfere  with  pilot  com¬ 
fort  or  performance.  Finally,  the  information  derived  must  ultimately  provide  the  pilot 
with  extended  capability  and/or  response  alternetlves.  From  the  beginning  of  our  work  in 
this  area  ws  have  addressed  this  challenge  from  the  perspective  dictated  by  these  con¬ 
siderations. 

In  order  to  properly  encompass  all  of  these  requirements,  we  initiated  parallel  pro¬ 
grams  of  laboratory  and  field  studies.  The  laboratory  experiments  focused  on  a  search  for 
relevant  measures  which  could  be  applied  to  an  on-line  assessment  of  CNS  function.  The 
field  studies,  on  the  other  hand,  addressed  the  problems  of  eventual  applications  in  light 
of  real  operational  demands.  Additionally,  the  field  studies  provided  for  an  assessment 
of  O-force  influences  which  could  not  be  simulated  in  the  laboratory. 

The  functional  orientation  for  all  of  these  studies  was  directed  by  past  experience  in 
studies  of  sleep  physiology.  The  perspective  which  thie  background  provides  is  somewhat 
unique  in  the  area  represented  by  this  conference.  Our  emphasis  is  on  the  concept  of 
"physiological  state"  which  differs  significantly  from  a  consideration  of  moment-to-moment 
fluctuations  in  neural  activity  or  performance  capability.  The  concept  of  recurring 
physiological  states  is  best  understood  through  reference  to  the  states  of  sleep  and  wake¬ 
fulness.  Clearly,  brain  physiology  and  associated  behavioral  manifestations  are  different 
in  these  two  states.  However,  it  is  today  well  documented  that  sub-states  exist  within 
both  sleep  and  wakefulness  (1,2)  and  that  these  can  be  both  intrinsically  or  eituationally 
determined  (3,4).  That  is,  both  physiological  organisation  and  behavioral  response 
characteristics  are  continuously  modulated  by  an  Interaction  of  internal  biological 
periodicities  and  external  environmental  circumstances.  This  modulation  determines  the 
background  "act"  or  functional  framework  within  which  a  given  response  occurs. 

In  seeking  to  track  this  modulation  within  the  context  of  CNS  assessment,  we  havo 
focused  upon  the  spontaneous  electrical  activity  of  the  cerebral  cortex,  the  electro¬ 
encephalogram  or  EEG.  This  measure  provides  a  continuous,  real-time,  dynamically  modu¬ 
lated  and  totally  non-invaslve  index  of  the  "background  state"  of  CNS  organisation. 

Because  functional  topography  and  frequency  modulation  are  important  attributes  of  this 
measure,  our  emphasis  was  on  the  activity  recorded  from  task-appropriate  cortical  regions 
from  which  frequency  patterns  were  at  least  partially  clarified  in  the  neurophysiology 
literature.  Thus,  electrodes  were  placed  over  visual  and  sensorimotor  cortical  areas  to 
evaluate  the  putative  command  function#  Involved  in  the  visual-motor  tasks  associated 
with  aircraft  control.  Additionally,  our  analysis  focused  on  the  frequency  components  of 
these  signals  as  they  related  to  the  theoretical  basis  of  thalamocortical  substrates  for 
EEO  rhythmic  activity  in  the  visual  and  somatosensory  pathways. 

Years  of  neurophysiological  investigation  have  established  the  fact  that  naturally 
occurring  rhythmic  patterns  in  the  waking  EEO  from  sensorimotor  and  visual  cortical  areas 
arise  from  thalamic  neuronal  generator  mechanisms  and  their  gated  discharges  to  localised 
cortical  projection  areas  (5,6).  These  generators  are  intrinsic  to  thalamuc  (7,8), 
reflect  the  statue  of  specific  sensory  pathways  (7,9,10,11),  and  result  in  cortical 
rhythmic  patterns  the  characteristics  of  which  are  determined  by  the  independent,  func¬ 
tional  modulation  of  cortical  excitability  (12,13,14).  For  example,  the  occurrence  of 
rhythmic  8-15  He  prtterne  recorded  from  central  cortex  (the  so-called  sensorimotor 
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rhythm* )  are  facilitated  by  immobility  and  can  b*  altered  or  blocked  by  aroueal  or  groa* 
movement*,  respectively  (13,16,17).  Moreover,  at  least  in  relation  to  sensorimotor 
rhythms,  hemispheric  laterality  differences  are  seen  in  the  waking  state  (18). 

Our  strategy  was  to  examine  the  interplay  between  visual  and  sensorimotor  cortical 
KEG  frequency  pattern*  in  relation  to  the  type  and  quality  of  flight-related  control 
performance  required  and  demonstrated.  Our  initial  studies  involved  laboratory  simulation 
of  relatively  simple  flight  scenarios  in  order  to  document  functional  predictions  in  an 
optimal  situation  for  recording  and  experimental  control.  Subsequent  studies  involved 
in-flight,  recordings  from  Air  Force  pilots  undergoing  target  acquieition  training  in  a 
multi-engine  aircraft,  and  typical  training  maneuvers  in  high-performance  fighter  air¬ 
craft,  in  which  high  G-forca  stress  was  a  factor. 

II.  Methods i  General  Overview 

All  of  the  studies  to  be  described  here  utilised  similar  BEG  recording  and  analysis 
procedures.  Signals  were  recorded  from  gold-plated,  cup-type  electrodes  (Graes  Instru¬ 
ments)  placed  in  bipolar  arrays  on  the  scalp  according  to  the  standardised  International 
10-20  System  (19).  Placements  included  bilateral  central  cortex  (C1-C5  and  C2-C6)  and 
unilateral  or  bilateral  parietal-occipital  cortex  (P3-01  and  P4-02).  A  ground  lead  was 
placed  also  over  the  mastoid  bone  behind  the  left  ear.  The  skin  was  cleansed  and  abraded 
prior  to  electrode  attachment  with  a  high  viscosity  eleotroconductive  paste  (Graes  EC-2). 
Electrodes  were  further  secured  by  various  methods  (see  below).  In  all  cases,  electrode 
resistance  measurement  reading*  below  2000  ohm*  were  required  prior  to  and  after  recording 
sessions  in  order  for  the  data  to  bn  considered  valid.  Except  for  a  few  cases  of  failed 
connections  or  damaged  preamplifiers,  no  data  ware  lost  as  a  result  of  this  convention. 

Since  the  ultimata  evaluation  of  recorded  BEG  data  would  involve  power-spectral 
analysis,  the  issue  of  artifact  reduction  and  anti-aliasing  measures  was  significant. 

Scalp  electrodes  ware  attached  to  miniature  preamplifier  units  (Oxford  Medilog)  at  close 
proximity  to  the  high  impedance  recording  source.  These  amplifiers  Increased  eignal-to- 
noise  ratio  by  approximately  lOtl,  thus  greatly  reducing  potential  cable  noise.  In 
laboratory  studies  the  signal  was  fed  directly  to  post-amplifiers  in  a  Grass  model  78 
polygraph  and  from  these  to  a  pre-filtering  and  scaling  unit  on  the  front  end  of  our  VAX 
model  11/7S0  computer  (Digital  Equipment  Corporation).  Pre-filtering  by  this  unit  pro¬ 
vided  a  rolloff  of  6db  (50»  attentuation)  below  0.5  Hs  and  above  40  Hx.  In-flight  studies 
utilized  a  specially  designed  flight  vest  which  contained  a  pre-filtering  unit  providing  a 
6db  rolloff  below  2  and  above  30  Hz.  The  signal  was  then  fed  to  a  post-amplifier  unit  in 
the  vest  which  also  provided  a  second-stage  rolloff  of  6  db  below  1  and  above  60  Hz. 
Finally,  the  filtered  and  amplified  signal  was  led  to  a  miniature  4-channel  FM  tape 
recorder  (TEAC,  Model  HR-100) .  These  extra  filtering  measures  were  introduced  in  recogni¬ 
tion  of  the  fact  that  in-flight  recordings  would  be  subject  to  gi eater  movement  and  muscle 
artifacts  than  those  obtained  in  the  stationary  laboratory  setting.  Data  recorded  on  the 
FM  tape  unit  were  subsequently  played-back  in  parallel  to  the  laboratory  polygraph  and 
pre-processing  equipment  described  above,  thus  providing  a  third  stage  of  artifact  reduc¬ 
tion  for  this  context. 

In  all  studies,  a  3  min.  calibration  signal,  consisting  of  a  9.5  Hz  sine  wave  of  50 
uv  peak-to-peak,  was  played  into  the  recording  system  prior  to  each  data  collection 
eesslon.  This  signal  provided  a  calibration  reference  for  a  standardized  50  uv  scaling  of 
on*  volt  peak-to-peak  at  the  time  of  computer  analysis.  The  analog  data  were  then  digi¬ 
tized  and  subjected  to  Fast  Fourier  Transform  using  the  algorithm  of  Jennrich  (20)  as 
modified  by  Pacheco  et  al.  (21)  and  Mason  (22).  Successive  16-second  epochs  (2048  data 
points)  were  analyzed  with  128  coefficients  summed  to  provide  a  resolution  of  0.5  sac  from 
0-40  Hz.  Calculated  spectral  estimates  were  sorted  into  seven  consecutive  4  Hz  frequency 
bands  between  0-27  Hz,  thue  dividing  power  into  bands  corresponding  to  functionally 
meaningful  frequencies  within  the  human  EEG  (ier  0-3  Hz-delta,  4-7  Hz“th*ta,  8-11 
Hz»alpha,  etc.).  The  spectral  densities  of  these  frequency  band*  were  computed  by 
calculating  the  area  under  the  spectral  distribution  generated  for  each  16  sec.  epoch. 
Values  were  log  transformed  and  simultaneously  stored  on  the  VAX  hard  diec  and  down-loaded 
to  a  hard  disc  on  a  laboratory  PC  computer.  Adjusted  data  file*  wore  then  subjected  to 
graphic  and  statistical  analysis  through  us*  of  Lotus  and  Matlab  software  programs. 

III.  Finding* 

The  program  to  be  reviewed  here  was  initiated  several  years  ago  and  includes  both 
laboratory  and  actual  in-flight  studies.  Except  for  the  initial  laboratory  study,  which 
represented  our  inauguration  to  this  field,  all  of  our  other  investigations  are  still 
ongoing.  In  most  instances,  th*  data  have  all  been  collected  within  the  context  of  more 
or  lese  strict  research  protocols,  depending  upon  th*  circumstances  of  the  study.  However, 
w*  were  to  discover  that  th*  analysis  of  consecutive  16  sec.  epochs  of  EEG  activity  from 
multiple  cortical  recording  sites  in  many  subjects  across  extended  protocols  was  to 
generate  both  exciting  opportunities  and  frustrating  problems.  The  opportunities  stemmed 
from  the  fact  that  extensive,  high  quality  EEG  data  were  successfully  obtained  from  a 
variety  of  flight-related  contexts.  Ths  problems  were  created  by  the  vast  amounts  of  data 
so  obtained  and  the  many  analytic  option*  on*  might  choose  in  seeking  common  and  relevant 
trends.  Accordingly,  data  analysis  is  still  underway  and  it  appear*  that  this  effort  will 
continue  for  some  time.  What  we  present  her*  are  th*  initial,  consistent  findings  which 
hold  promise  for  providing  insight  and  guidance  in  our  search  for  meaningful  indicias  of 
function. 
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Figure  1.  Moan  power-spectral  density  diatributiona  derived  from  three  aubjecta  and  com¬ 
paring  EEG  data  from  non-performance  epocha  (A)  with  corraspponding  data  from  performance 
epoche  (B).  Note  that  only  during  performance  of  the  P-16  flight  aimulation  task  waa  left 
central  8-11  Ha  activity  enhanced. 

A.  Laboratory  Studiee 

1.  F-16  simulation!  Performance  veraua  Non-Performance 

Thia  etudy  employed  aix  male  volunteera  between  the  agea  of  25  and  45  years. 

Three  of  theae  aubjecta  were  pilotSi  one  a  aenior  flight  officer  with  the  California  Air 
National  Guard,  and  two  with  civilian  licenaea.  The  other  three  had  no  formal  flight 
training.  Each  waa  provided  with  aeveral  brief  practice  aesaiona  on  a  video  game 
Involving  a  rudimentary  flight  aimulation  of  an  F-16  fighter  aircraft.  An  authentic 
aircraft  aeat  waa  uaed  in  front  of  a  video  dieplay  and  waa  fitted  with  left  and  right  hand 
controls  for  velocity  and  attitude,  respectively. 


After  familiarity  with  the  task  was  achieved,  each  subject  participated  in  a 
six-hour  protocol  involving  successive  10  min.  flight  legs  during  which  specific  instruc¬ 
tions  regarding  aircraft  positioning  and  speed  wars  to  be  followed.  After  each  leg,  the 
subject  was  allowed  5  min.  to  read,  make  notes  or  simply  consider  the  requirements  of  the 
task.  Breaks  or  rest  periods  were  provided  for  15  min.  each  hour.  Bilateral  central  and 
parietal-occipital  E50  activity  was  recorded  continuously  during  these  sessions,  as 
described  above,  except  for  the  break  periods,  in  this  case,  electrodes  were  secured  in 
place  by  collodion-soaked  pads.  EEQ  data  were  subjected  to  power-spectral  analysis  as 
detailed  above. 

The  performance  tasks  in  this  study  were  well  within  the  capabilities  of  the 
subjects  but  the  primitive  nature  of  the  program  made  control  of  the  aircraft  rather 
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difficult.  Thus,  subject*  worked  herd  to  perforin  the  instructed  flight  profiles. 
Unfortunately,  however,  w*  war*  unable  to  obtain  quantitative  performance  data  in  this 
context.  Accordingly,  our  analysis  was  limited  to  an  evaluation  of  BEG  changes  with  the 
alternation  of  flight-performance  veraus  non-flight-parformance  epoch*.  Since  our 
interest  in  this  communication  is  focused  on  a  search  for  discriminating  variables  in 
sensorimotor  and  visual  cortical  ERQ  patterns,  w*  shall  consider  this  dimension  her*. 
Other  findings  from  this  study  hav*  bean  reported  elsewhere  (23). 
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Figure  2.  Power-spectral  density  distribution*  averaged  over  three  10  min.  flight  per¬ 
formance  epochs  in  each  of  six  consecutive  hours  of  our  F-16  flight  simulation  task.  Data 
are  from  one  subject,  and  compare  spectral  profiles  from  left  sensorimotor  cortex  EEG 
recordings  (top)  and  left  visual  cortex  recordings  (bottom).  One  data  block  was  lost  from 
the  P3-01  recordings  due  to  electrode  failure.  Note  the  extremely  consistent,  elevation  of 
activity  at  8-11  Hz  from  left  sensorimotor  cortex  during  this  performance  and  its  absence 
in  visual  cortex.  This  subject  showed  unusually  low  0-3  Hz  activity  in  central  record¬ 
ings  . 

Tne  most  consistent  finding  in  this  regard  was  a  significant  increase  in  8-11  Hz 
activity  in  sensorimotor  cortex  exclusively  during  fl ight -related  performance  (Fig.  1). 
Moreover,  this  incease  occurred  differentially  in  left  central  recordings  (C1-C5)  in  four 
of  the  six  subject*  and  across  the  entire  protocol.  This  enhancement  of  left  central  8-11 
Hz  activity  was  extremely  consistent,  and  was  not  reflected  in  simultaneously  recorded 
data  from  parieto-occipital  cortex  (Fig.  2).  Of  the  four  subjects  showing  this  effect, 
two  were  right-handed  and  the  other  two  were  left-handed.  While  performance  comparisons 
were  difficult  In  this  study,  the  data  obtained  suggested  that  these  four  subjects,  three 
of  whom  were  the  trained  pilots  in  this  group,  performed  better  than  the  remaining  two 
subjects. 

2.  Cessna  Simulationi  Good  versus  Poor  Performance 

Ten  subjects  were  recruited  from  the  U.C.L.A.  Air  Force  R.O.T.C.  program  for  this 


study.  Each  had  at  laaat  50  hours  of  aolo  flying  experience  and  all  were  healthy  males 
ranging  in  age  from  19  to  25  yaara.  Subjects  were  oalled  at  random  from  a  maater  liet 
provided  by  the  loaal  R.O.T.C.  coordinator.  They  ware  told  that  participation  would 
require  10  to  15  houre  and  that  the  time  commitment  would  vary  depending  on  how  quickly 
each  acquired  the  skills  necessary  to  fly  the  simulator.  Training  and  testing  took  place 
over  a  period  of  six  months. 

The  video  P.C.  program  "Flight  Simulator  IX"  (Microsoft  Corporation)  waa  chosen 
because  it  offered  realistic  performance  features  with  which  most  Air  Force  R.O.T.C. 
cadets  would  be  familiar.  This  program  simulates  the  instruments  and  flight  characteris¬ 
tics  of  a  Cessna  162  class,  single  engine.  146  MPH.  retractable  gear  aircraft.  Subjects 
were  provided  with  up  to  four  one-hour  practice  trials  on  the  simulator  in  order  to  assure 
standard  familiarity  and  mastery  of  its  various  featuree. 

Subjects  were  monitored  elnctroencephalographically  during  approximately  five 
hours  in  the  final  teat  session.  EEC  placements  included  bipolar  and  bilateral  central 
and  pariato-occipital  leads,  as  described  above.  Electrodes  were  fixed  to  the  prepared 
scalp  with  collodion  adhasiva  and  attached  to  the  Oxford  Medilog  miniature  preamplifiers. 
These  leads,  together  with  that  from  the  mastoid  ground,  were  fed  to  a  Crass  model  8-16 
electroencephalograph,  and  an  eight-channel  Crown  Vetter  model  A  magnetic  tape  recorder. 
Leads  from  the  EEC  machine  post-amplifiers  fad  EEC  data  directly  into  the  VAX  computer 
system  for  on-line  data  analyais. 

A  Mitsubishi  Video  Printer  (model  P50-U)  printed  hard  copy  of  the  video  ecreen 
every  thirty  seconds  during  the  flight  lege.  This  printout  yielded  information  concerning 
the  plane's  present  position,  heading,  altitude,  air  speed,  rate  of  aacent/descent,  posi¬ 
tion  of  the  throttle,  yoke,  and  flaps,  as  well  as  the  tame  view  the  subject  saw  through 
the  “window"  of  the  plane  at  that  moment.  Information  tablulated  from  this  printout  was 
later  utilised  in  the  evaluation  of  subject  performance. 

Before  tasting,  each  subject  was  assessed  for  transient  physiological  factors 
which  might  affect  their  performance.  The  Stanford  Sleepiness  Scale  was  utilised  along 
with  questions  designed  to  give  a  general  overview  of  the  subject's  current  activity  level 
in  order  to  discern  if  anything  unusual  had  occurred  on  the  day  of  testing.  This  asses¬ 
sment  included!  quantity  and  quality  of  sleep  the  previous  night,  naps  taken  that  day, 
recant  alcohol  consumption,  time  of  last  meal,  medications/drug  use,  and  current  physical 
complaints,  if  any. 

After  the  subject  waa  interfaced  with  the  monitoring  system,  each  was  isolated 
and  seated  comfortably  in  front  of  the  color  video  monitor  and  provided  with  manual  con¬ 
trol  deviaee  which  controlled  the  air  spaed  (utilising  the  throttle)  and  the  altitude  and 
pitch  (utilising  the  control  yoke).  The  video  screen  showed  the  instrument  cluster  of  the 
airplane  along  with  a  view  from  the  plane's  cockpit  in  a  split  screen  format.  In  each 
case,  the  investigator  was  seated  in  ar.  adjacent  room  end  acted  as  co-pilot,  communicating 
with  the  subject  via  an  earphone/microphone  headset.  An  overhead  camera  monitor  provided 
continuous  visual  information  concerning  posture,  movement,  and  other  behaviors  relevant 
to  the  task,  and  those  related  t-  significant  artifact  were  noted  on  the  simultaneously 
recorded  EEG  tracing.  Subjects  were  requested  to  maintain  relaxed  facial  muscles,  limit 
speaking  to  essential  conversation,  and  adhere  to  the  flight  protocol  as  closely  as 
possible. 

Each  subject  was  required  to  take  off  from  a  particular  airport,  fly  to  a  desig¬ 
nated  location,  turn  to  a  new  heading  and  land  at  a  specified  airport.  Each  of  the  flight 
legs  were  designed  to  be  completed  within  thirty  minutes.  The  subject  was  advised  that  he 
should  have  successfully  landed  within  the  thirty  minutes  alloted  for  each  flight  leg. 

They  were  free  to  ask  how  much  time  was  remaining  during  any  particular  flight  leg.  After 
each  flight  leg,  a  twelve-minute  rest  period  was  provided.  Rest  periods  were  occasionally 
longer  than  twelve  minutes  if  the  subject  landed  or  crashed  the  simulator  before  the 
thirty  minutes  alloted  for  the  leg  had  expired.  During  the  rest  periods,  the  subject  was 
given  time  to  look  over  the  protocol  for  the  next  flight  leg.  Resting  EEG  data  were  also 
collected  for  later  analysis. 

Each  of  the  seven  flight  legs  had  its  own  protocol  which  differed  in  starting 
point,  turning  point,  designated  landing  airport,  and  specific  flight  criteria.  Each 
flight  leg  had  three  phases i  a  departure  phase,  an  enroute  phase,  and  an  arrival/landing 
phase.  After  take-off,  the  protocol  required  the  subject  to  maintain  the  take-off  heading 
and  climb  at  90  knots  to  a  specified  altitude.  Once  they  arrived  at  that  altitude  they 
executed  a  turn  to  a  new  heading.  The  enroute  phase  required  the  subject  to  climb  to  a 
new  altitude  and  maintain  it  until  they  began  the  descent  for  landing.  Once  they  were 
over  the  designated  turning  point,  they  turned  to  a  new  heading  and  flew  to  the  designated 
airport  for  landing.  For  the  arrival/landing  phase  they  were  required  to  land  on  a  speci¬ 
fied  runway  from  a  specified  direction.  After  landing  they  ware  told  to  await  further 
instructions.  The  rest  period  followed  a  description  of  the  next  flight  leg. 

Data  analysis  is  still  underway  in  this  study.  The  focuc  of  initial  analysis  was 
on  the  comparison  of  EEG  characteristics  during  good  versus  poor  performance  in  the  simu¬ 
lated  flying.  The  multiple  flight  legs  with  differing  degrees  of  difficulty  created  a 
eufficient  variation  in  performance  for  the  evaluation  of  EEG  correlations.  Completed 
group  data  are  not  available  at  the  present  time  but  several  consistent  relationships  have 
emerged. 

As  in  the  previous  study,  EEG  activity  from  central  cortical  recording  sites  has 
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provan  to  jt  useful.  In  particular,  activity  in  the  8-11  Ha  fraquancy  band  from  laft 

cantral  oc  ^  waa  again  characterised  by  tha  moat  dynamic  modulation  in  relation  to  per¬ 
formance.  It  waa  noted  that  tha  aaquenoe  of  auocaaaiva  16  aec.  apaotral  deneity  values  at 
thia  fraquancy  diaplayed  a  modulatory  pattern  over  time  approximating  pariodicitiaa  rang¬ 
ing  from  0.2  to  2  cyolaa  per  minute.  Moreover,  thia  pariodioity  waa  clearly  correlated 
with  flight  performance  activity. 

To  explore  thia  relationship  ayetematically,  profilee  of  the  hey  performance 
varlablea,  including  air  spaed,  altitude  and  heading,  ware  compared  with  computer-derived 
templates  baaed  on  actual  inatruotiona  for  a  given  flight  leg.  Deviatione  from  thia 
template  exceeding  a  criterion  level  in  either  direction  were  scored  ae  errora.  Loss  of 
control  of  the  aircraft  resulting  in  a  "crash"  led  to  one  point  in  the  error  ecore  for 
every  epoch  prior  to  expected  landing.  In  thia  way,  flight  legs,  and  segments  within  each 
leg,  ware  rated  for  each  nubjaet  in  a  dimension  of  good  to  poor  performance. 

Corresponding  periodicty  in  the  8-11  Hs  band  of  BBC  activity  from  left  central 
cortex  waa  displayed  and  subjected  to  both  modulation  and  trend  analysis.  Modulation 
analysis  was  accomplished  by  subjecting  tha  sequential  spectral  density  values  themselves 
to  FFT  analysis  (Fig.  3).  A  consistent  peak  defining  a  periodicity  between  0.2  and  0.4 
oyclea  per  minute  waa  seen  in  data  from  vitually  every  subject.  This  periodicity  was 
stronger  and  more  consistent,  however,  during  periods  of  good  performance.  Conversely, 
faster  periodiaitiaa  ranging  from  1-2  cycles  per  minute,  dominated  parlode  of  poor  per¬ 
formance  ■ 


Figure  3.  Modulation  periodicity  analysis  based  on  FFT  of  successive  spectral  density 
values  at  8-11  Hs  from  left  central  cortex  in  one  subject  during  tha  anroute-landing  phase 
of  two  flight  lags  in  our  Cessna  simulation  study.  Thase  legs  ware  contrasted  by  the  fact 
that  one  (solid)  waa  rated  as  good  performance  whereas  the  other  (dash)  was  rated  as  poor 
performance.  Note  tha  slower  periodicity  during  good  performance  and  an  almost  reciprocal 
relation  to  the  faster  periodicities  during  poor  performance. 

An  additional  discriminating  variable  was  provided  by  regression  analysis  applied 
to  tha  amplitude  modulation  of  these  periodicities  (Fig.  4).  During  periods  of  good  per¬ 
formance  a  significant  positive  trend  was  obtained.  However,  during  poor  performance,  the 
trends  observed  were  either  negligible  or  negative  in  slope. 

MODULATION  TRENDS  AND  PERFORMANCE 


S-11  I*..  b-aa,l»  n*m 


Xlnuta. 


Figure  4.  Power-spectral  density  modulation  of  central  8-11  He  activity  during  good  (seg¬ 
ment  on  right)  and  poor  (segment  on  left)  performance  in  the  Cessna  simulation  study. 
Modulation  trends  in  these  data  were  determined  by  linear  regression  analysis.  A  combi¬ 
nation  of  slower  modulation  with  a  significant  trend  towards  increasing  amplitude 
(positive  modulation  slope)  was  consistently  characteristic  of  good  performance  segments.) 
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B,  In-flight  Studies 

1.  NCH  131-H  Study 

Five  USAF  taat  pilot*  who  ware  already  part  of  an  ongoing  flight  training  and 
teat  program  on  the  NC131-H  Total  In-flight  Simulator  (TIPS)  ware  aalactad  through  tha 
Taat  Pilot  School  (TPS)  at  Edward*  Air  Pore*  Baa*  (EAPB)  to  act  aa  aubjacta  in  this  atudy. 
All  pilota  war*  part  of  a  TPS  claea  that  waa  scheduled  to  fly  evaluation  miaaion*  on  the 
Avionics  System*  Teat  Training  Aircraft  (AST'r’A).  All  involvement  with  the  currant  project 
waa  conducted  on  a  minimal  interference  baai*  with  th*  ongoing  avionic*  evaluation  and 
training  program.  For  th*  currant  protocol,  each  aubjact  waa  required  to  fly  several 
miaaion*,  thereby  providing  repeated  maaaurea,  albeit  under  different  miaaion  directive* 
and  at  different  time*  of  day. 

Before  and  after  each  flight,  aubjecta  completed  th*  Profile  of  Hood  State* 
(POMS),  which  evaluatec  immediate  aubjectiva  mood  state*.  In  addition,  each  subject 
completed  quaetionnair*  form*  of  a  Cooper-Harper  flight-oriented  aubjectiva  workload 
aaaesiment,  aa  well  aa  a  card  aort  veraion  of  th*  Subjective  Workload  Assessment  Test 
(SWAT)  after  each  miaaion.  In-flight  three-point  Cooper-Harper  rating*  were  also  con¬ 
ducted  after  each  flight  segment  task  waa  completed. 

Th*  EEO  recording*  employed  in  this  atudy  utilised  the  special  flight  veat 
arrangement  described  above.  Additionally,  a  custom  helmet  liner  with  electrode*  attached 
to  retractable  flaps  over  appropriate  cortical  aitea  was  used.  The  acalp  waa  prepared  and 
electrode  pasta  introduced  to  tha  ait*  and  tha  electrode.  Th*  flap  waa  then  closed  and 
secured  with  a  velcro  trim.  Leads  from  all  electrode*  were  attached  to  Oxford  miniature 
preamplifier*,  also  secured  by  valco  at  points  between  bipolar  electrode  sets,  and  cables 
from  these  unite  ware  fed  into  the  processing  and  recording  modules  of  the  flight  veat.  A 
mash  cranial  cap  waa  then  placed  over  th*  eealed  electrode  flaps,  preamplifiers  and 
cables,  in  order  to  further  secure  the  whole  assembly.  This  arrangement  provided  a  fully 
portable  monitoring  eyetam  which  in  no  way  interfered  with  flight  activity  (Fig.  5).  A 
flight  helmet  pre-moided  to  the  ecalp  configuration  for  each  pilot  was  then  donned  prior 
to  takeoff.  In-flight  data  collection  included  continuous  EEO  recordings,  as  well  as 
several  onboard  measures.  These  provided  recorded  video  images  of  the  training  station 
instrument  panel  and  continuous  data  recordings  of  aircraft  flight  parameters. 


Figure  5.  In-Flight  portable  EEO  data  recording  system  is  shown  here  on  a  pilot  ready  to 
put  on  his  pre-molded  flight  helmet  and  step  to  the  aircraft.  The  special  flight  helmet 
liner  (A)  containing  permanently  mounted  EEO  recording  electrodes  at  standardized  place¬ 
ment*  and  adjacent  miniature  preamplifiers,  and  covered  by  a  mesh  cap,  is  connected  via 
secured  cable*  to  a  modified  flight  vest.  This  vest  contains  a  power  supply  for  the 
preamplifier*  (B),  a  data  filtering  module  (C),  a  poet-amplifier  unit  and  battery  pack 
(D)  and  a  miniature  FM  data  recorder  (E).  The  system  Is  activated  at  will  by  connecting 
the  poet-amplifier/battery  pack  unit  to  the  recorder. 
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After  the  hookup  waa  complete,  aubjecta  antarai)  tha  aircraft  (moat  flighta 
included  two  taat  aubjecta,  ona  aeientiat/obaerver,  and  tha  requlaite  anglnaarlng/ 
technical  craw)  and  want  through  tha  nacaaaary  praflight  preparations.  Tha  obaarvar  from 
our  ataff  mada  both  voice  and  note  recordings  of  activity  changea,  flight  configuration 
changeai  time  sequence  and  other  relevant  aventa.  All  intercom  dialogue  waa  recorded  on 
one  channel  of  our  microracorder  together  with  elmultaneoua  GEO  data. 

flight  ecenarioa  included  either  air-to-air  or  air-to-ground  target  detection,  aa 
wall  aa  tha  uae  of  Inatrumant  Navigation  System  (INS)  and  Infrared  Detection  Syatem  (IRDS) 
davicea.  Different  acenarioa  involved  different  taaka,  thereby  varying  workload  coneider- 
ably  from  one  aituation  to  another.  All  aubjecta  were  required  to  perform  all  other 
"normal"  flight  functiona  aimultaneoualy  with  whatever  additional  workload  taaka  were 
involved  in  each  aeenario  (l.e.,  there  waa  no  active  copilot  during  data  collection 
parioda ) . 

During  the  flight  aaquencea,  command  pilot  rotationa  typically  occurred  at  laaat 
once.  Thua,  each  flight  contained  aeveral  taak  aagmenta  and  data  on  each  of  two  aubjecta. 
Whan  poaaible,  each  aubjact  alao  flaw  different  flighta  at  different  timea  of  the  day. 

In  thla  way,  we  were  able  to  collect  data  on  four  of  the  five  aubjecta  at  three  different 
pointe  in  time,  morning  (approx.  100C-1200  hra.),  afternoon  (approx. 1400-1700  hra.)  and 
evening  (1730-2100  hra.). 


A)  OPTIMAL  PERFORMANCE:  R.N.  FLT.3 


B)  SPATIAL  DISORIENTATION:  R.N.  FLT.3 


e-»  4-»  s-ti  it-ia  ta-i»  »-u  u-v 
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Figure  6.  Power-apectral  diatribution  curvea  each  derived  from  the  mean  of  four 
aucceaaive  16  aec  left  central  cortex  EEO  epocha  (approximately  one  minute  of  data)  from  a 
teat  pilot  flying  target  miaaione  in  tha  NC131-H  aircraft.  Curvea  at  A  ehow  data  obtained 
during  a  target  run  laating  about  five  minutaa  where  both  flight  and  targeting  functiona 
were  performed  competently.  Curvea  at  B  are  data  from  the  aame  pilot  obtained  during  a 
later  run.  From  the  atart  of  thia  run  the  pilot  waa  confused  aa  to  the  location  of  the 
target  and  eventually  beoame  totally  diaoriented. 
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When  all  at  the  data  collected  in  thia  study  are  fully  analysed,  it  should  be 
possible  to  evaluate  such  parameters  as  fatigue,  time-of-day,  and  comprehensive  perform¬ 
ance  correlations  in  relation  to  recorded  EEQ  patterns.  At  present,  we  have  succeeded  in 
identifying  specific  flight  segments  in  several  pilots  that  were  characterised  by  docu¬ 
mented  variations  in  performance,  and  in  determining  corresponding  EEG  configurations.  For 
example,  during  an  early  morning  flight,  pilot  R.N.  completed  a  highly  successful 
targeting  run  involving  effective  aircraft  control  and  use  of  INS  and  IR  guidance  systems. 
Sequential  64-second  spectral  distribution  profiles  (based  on  the  mean  of  four  16  sec.  EEG 
epochs)  were  characterised  in  particular  by  a  peak  of  activity  at  8-11  He  in  left  central 
cortex  (Fig.  6A).  Approximately  one  hour  later,  this  same  pilot  experienced  an  unequivo¬ 
cal  and  verified  period  of  spatial  disorientation  during  an  IR  target  identification  run. 
Spectral  profiles  from  left  central  cortex  showed  a  marked  and  significant  depression  in 
8-11  Hs  activity  during  thia  sequence.  (Fig.  6B).  Activity  in  right  central  cortex  (C2- 
C6)  did  not  show  significant  differences  in  these  two  conditions  nor  did  visual  cortical 
recordings . 

When  data  from  a  series  of  flight  segments  over  several  different  flights  were 
combined  and  rated  on  the  basis  of  performance  characteristics,  several  consistent  find¬ 
ings  emerged  (Fig.  7).  Activity  in  all  frequency  bands  except  0-11  and  12-15  Hz  showed  no 

A)  4-7  Hs 


B>  8-11  Hs 


Figure  7.  Mean  EEO  spectral  power  at  4-7  H*  (A)  and  8-11  Hz  (B)  from  both  hemispheres  is 
shown  here  for  data  segments  recorded  in  four  different  targeting  runs  during  which  per¬ 
formance  by  the  same  pilot  was  rated  from  optimal  to  failed.  Values  at  4-7  Hs  showed  no 
systematic  trend  in  relation  to  the  dimension  of  performance,  nor  were  there  any  signifi¬ 
cant  differences  between  left  and  right  hemispheres,  although  power  on  the  left  side 
tended  to  be  higher.  At  8-11  Hs,  however,  an  essentially  linear  decline  in  power  from  the 
left  hemisphere  paralleled  the  dimension  from  good  to  poor  performance.  Power  in  right 
central  cortex  was  significantly  lower  than  that  on  the  left  during  optimal  and  nominal 
performance  only,  and  showed  an  overall  difference  only  at  the  extremes  of  this  dimension. 
The  ordinate  scale  in  this  graph  was  adjusted  to  compensate  for  shortcomings  in  the  Lotus 
graphic  program. 
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related  trends.  However,  In  these  two  bands,  a  consistent  relationship  was  observed. 
Activity  at  these  frequencies  from  left  central  cortex  (C1-C5)  showed  a  significant  linear 
decline  from  optimal  to  failod  performance  while  right  central  activity  did  not.  The 
previously  noted  discrepancy  between  left  and  right  hemispheres  was  maintained  across  this 
dimension  but  was  greatest  during  optimal  and  nominal  performance. 


Modulation  analysis  was  applied  also  to  these  data  (Fig.  8).  Once  again,  optimal 
performance  was  associated  with  an  increasing  amplitude  of  temporal  modulation  in  the  8-11 
He  frequency  band,  exclusively.  Further,  spectral  analysis  of  power  in  this  band  over 
time  indicated  that  intrinsic  periodicity  was  generally  slower  during  optimal  versus 
failed  performance.  Left  and  right  central  hemisphere  differences  were  again  confirmed 
and  ware  greatest  during  optimal  performance. 


AIR-AIR  (GOOD);  AIR-GROUND  (POOR) 


CtKTWU.  CORTICAL  t-M  to. 


AIR-AIR  (GOOD);  AIR-GROUND  (POOR) 
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Figure  8.  An  example  of  the  temporal  display  of  EEO  power  modulation  based  on  spectral 
density  values  derived  from  sequential  16  sec  epochs  of  EEO  data  shown  here  for  central 
cortical  8-11  Hs  bands  during  good  vs.  poor  parformancs  samples.  Both  graphs  show 
bilateral  data  from  a  good  performance  run  (left  portion  of  abscissa)  compared  with  data 
from  a  different  poor  performance  run  (right  portion).  Note  that  during  good  performance 
8-11  Hx  power  from  the  left  central  cortex  is  both  elevated  and  mors  slowly  modulated  when 
compared  with  that  from  the  right  and  with  data  from  both  hemispheres  during  poor 
performance.  Hemispheric  differences  are  reduced  in  the  4-7  Hx  band  and  their  amplitude 
and  modulation  do  not  discriminate  quality  of  performance.  These  findings  are 
functionally  similar  to  those  shown  from  our  laboratory  study  in  Fig.  4. 

These  in-flight  findings  support  observations  made  in  our  laboratory  studies 
suggesting  that  central  cortical  EEO  patterns  can  be  differentiated  in  optimal  versus  poor 
flight  performance  by  virtue  of  a  constellation  of  more-or-less  consistent  parameters. 
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These  include)  1)  relative  power  in  left  centra’  0-15  He  activity)  2)  differences  in  this 
activity  between  right  and  left  hemi spheres r  and  3)  the  amplitude  and  period  of  temporal 
modulation  in  this  frequency  range. 

2.  T-38  In-flight  Study 

The  effort  to  devise  methods  for  the  collection  of  valid  EEG  data  in  the  highly 
dynamic  environment  of  fighter  plane  operations  has  been  a  long-term  component  of  our 
program.  It  was  determined  early-on  that  standard  laboratory  procedures  were  simply 
inappropriate.  As  suggested  at  the  onset,  the  ultimate  goal  of  this  effort  was  to  achieve 
a  totally  noninvaeive,  self-contained  system  which  would  provide  a  reliable  index  of  pilot 
functional  status.  Over  a  progressive  series  of  trials,  using  our  own  staff  as  passenger 
subjects,  we  were  able  to  devise  a  methodology  which  achieved  these  goals  within  the 
current  state  of  related  technology,  and  to  begin  recently  to  collect  appropriate  data 
from  Air  Force  pilots  during  actual  flight  operations.  We  are  greatly  indebted  to  the 
staff  and  officers  at  the  Flight  Test  Center,  Edwards  Air  Force  Base,  for  this  accomplish¬ 
ment. 


A)  T3B  IN  FLIGHT  :  RESTING 


B)  LOITER 


Figure  9.  Mean  power-spectral  distribution  curves  calculated  from  left  and  right  central 
cortical  EEO  data  from  an  Air  Force  test  pilot  during  flight  segments  (approximately  2-4 
min.  in  duration)  in  a  T-38  aircraft.  During  these  segments  the  pilot  was  not  flying  the 
aircraft.  Data  at  A  are  from  a  period  of  resting  with  eyes  closed.  Data  at  B  are  from  a 
period  of  resting  with  eyes  open  during  straight-and-level  flight. 

The  system  developed  for  this  purpose  was  described  in  the  previous  section  and 
used  in  the  NC1J1-H  study.  Briefly,  it  consists  of  a  specially  configured  flight-helmet 
liner  cap  with  fixed  electrodes  at  appropriate  sites  and  adjacent  miniature  preamplifiers. 
Retractable  flaps  provide  for  rapid  electrode  attachment,  with  velcro  seals  and  a  mesh 
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overcap  ■•curing  everything  in  placa.  a  pra-molded  helmet  innar-linar  pad  pravanta  tha 
oocurranca  of  "hot  apota”  whan  tha  flight  halmat  it  put  on.  Deads  from  tha  alactroda  cap 
ara  fad  unobstrueivaly  to  tha  previously  described  flight  vaat  which  containa  essential 
data  collaction  alactronlc  davicea.  Tha  parachute  and  aircraft  aaat  balta  fit  over  thi* 
vaat  and  tha  ayatam  ia  configured  so  aa  not  to  interfere  with  potential  ejection 
raquirementa.  This  entire  arrangement  was  evaluated  and  approved  by  an  appropriate  Safety 
Review  Board  at  tha  baaa. 

Sinca  all  data  collaction  triala  ara  on  a  non-interfarence  basis,  it  la 
nacaaaary  to  axtraat  appropriate  segment#  from  aatabliahed  flight  profiles.  Pilots  ere 
briefed  in  advance  aa  to  our  objectives  and  have  made  every  effort  to  cooperate  within 
tha  raatrainta  of  a  given  specified  test  mission.  Again,  only  preliminary  data  are 
available  at  this  time  from  actual  pilot  subjects. 

During  a  given  flight,  data  ware  obtained  from  periods  of  non-operation  resting, 
with  and  without  attention  to  ongoing  events  (Fig.  9).  Spectral  analysis  of  such  data 
•hewad  a  selective  increase  in  central  8-11  Hr  activity  from  both  hemispheres  when  eyes 
ara  closed  (Fig.  9-A).  This  spectral  distribution  peak  ia  absent  on  both  aides  of  the 
brain  during  attentive  periods  when  tha  other  pilot  is  flying  the  aircraft  (Fig.  9-B). 
However,  when  the  subject  pilot  flies  the  plane  through  a  difficult  maneuver  (Fig.  10-A) 
activity  in  the  lower  frequency  bands  ia  increased,  and  particularly  at  8-11  Hr  in  left 
central  cortex.  With  maneuvers  creating  high  (3-force  effects  (Fig.  10-  B),  this 

O  HIGH  SPEED,  LOW  ALT.  RUN 
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D)  HIGH  C-FORCE  FLT.  SEGMENTS 


Figure  10.  These  graphs  constitute  a  continuation  of  Fig.  9.  In  this  case  the  subject 
pilot  is  flying  tha  T-38  fighter  aircraft.  Data  at  C  ara  from  a  low-altitude  (approx. 
100  ft.),  high-speed  (500  knots)  flight  segment,  Including  turns  with  some  increased  0- 
force.  Data  at  D  are  from  four  flight  segments  during  which  4-5  0  turns  were  being 
performed. 
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hemispheric  discrepancy  is  increased  aa  la  power  in  tha  lower  4-7  and  0-3  He  frequency 
bands.  The  latter  increase  is  conaiatant  with  data  obtained  previously  from  non-pilot 
passenger  subjects  (23). 

These  findings  are  summarised  using  a  different  format  in  Figure  11.  Resting 
activity  during  straight-and-levsl  flight  with  eyes  closed  was  associated  with  a  decrease 
in  power  in  the  4-7  He  band  and  an  increase  in  power  at  8-11  Hz,  bilaterally,  in 
sensorimotor  and  visual  (not  shown)  cortex.  Demanding  flight  maneuvers,  with  some 
associated  O-force  effecte,  resulted  in  an  increase  in  4-7  He  activity  and  a  dacraaee  in 
8-11  He  power  with  a  discrepancy  developing  between  left  and  right  hemispheres  in  central 
cortex.  This  trend  continued  to  some  extent  with  high  O-force  maneuvers  (4-S  Os),  in  that 
power  significantly  increased  bilaterally  at  4-7  He  and  unilaterally  at  8-11  He  in  left 
central  cortex. 
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Figure  11.  Comparative  analysis  of  spectral  densities  at  4-7  and  8-11  Hr  in  left  and 
right  central  cortex  during  three  of  the  four  flight  conditions  described  in  Figs.  9  and 
10.  Data  from  both  hemisphares  at  4-7  He  are  shown  first  during  each  condition  (broad 
hatch  left,  close-hatch  right).  Data  for  8-11  He  are  shown  second  (broad-cross  left, 
close-cross  right.).  See  text  for  discussion  of  these  data. 


Our  findings  to  date  suggest  that  a  non-specific  increase  in  frequencies  between 
1-7  He  accompanies  the  imposition  of  significant  O-force  effects  in  a  graded  and  parallel 
manner.  To  the  extent  that  the  pilot  continues  to  effectively  operate  the  aircraft,  this 
i.e  associated  also  by  a  specific  dlacrepancy  between  left  and  right  central  cortical  EGO 
patterns  at  8-11  He,  with  power  on  the  left  greater  than  that  on  the  right.  Addition- 
»  ally,  central  cortical  hemispheric  differences  appear  only  when  the  subject  is  actually 

flying  the  aircraft. 


IV.  Discussion 

We  have  presented  hero  a  brief  overview  of  a  series  of  studies  in  various  stages 
of  completion.  Accordingly,  it  was  impossible  to  provide  a  comprehensive  integration  of 
findings.  Preliminary  observations,  however,  did  disclose  a  consistent  trend  in  a  body  of 
data  which  encompasses  a  number  of  diverse  laboratory  and  field  contexts. 

As  stated  at  the  outset,  out  focus  on  the  concept  of  background  functional  state 
and  a  reliance  on  neurophysiological  constructs  relating  to  the  underlying  substrates  of 
EEO  activity  in  task-specific  neural  systems  is  somewhat  unique.  It  is  difficult, 
therefore,  to  compare  our  findings  with  those  of  other  groups  interested  in  these 
problems.  For  example,  studies  examining  event-related  potentials  within  the  EEG  in 
relation  to  Information  processing  and  cognitive  activity  (24),  while  also  directed  to 
functional  considerations,  limit  recordings  to  standardised  midline  electrode  placements, 
a  practice  which  precludes  comparison  with  the  hemispheric  differences  that  proved  so 
useful  to  the  studies  reported  here.  Further,  EES  studies  concerned  with  the  increase  in 
nonspecific,  slower  frequencies  which  parallels  the  decline  of  vigilance  (25,26)  cannot  be 
compared  with  findings  relating  to  specific  frequency  changes  in  association  with 
increasing  vigilance.  Finally,  there  has  been  little  in  the  way  of  extended  and/or 
syetematlc  EEG  data  collected  in  the  context  of  actual  military  flight  operations. 

Data  from  the  four  EEG  studies  described  here  showed  that  most  flight-trained 
Individuals  engaged  in  the  visual-motor  tasks  associated  with  piloting  aircraft  develop  a 
significant  hemispheric  discrepancy  in  the  incidence  of  8-11  He  activity  recorded  from  the 
sensorimotor  (central)  cortical  areas,  with  activity  in  the  left  hemisphere  exceeding  that 
in  the  right.  This  discrepancy  was  present  during  such  performance  whether  it.  occurred  in 
the  quiet,  undynamic  laboratory  setting  or  in  a  T-38  traveling  at  500  knots  in  a  terrain- 


following  exercise.  It  wae  prasant  in  both  laft  and  right  handed  individuals  and  in  both 
youngar  and  oldar  adults.  It  waa  not  prasant  during  ratting,  cognitive  activity  or 
high-perfomanct  flight  if  tha  subjact  waa  not  oparatlng  tha  controls.  Most  importantly, 
it  waa  attanuatad  or  aboliahad  during  poor  or  failad  performance  when  tha  individual  was 
operating  tha  aontrols.  Time-eerie*  and  trend  analysis  of  tha  incidanoe  of  central  8-15 
Ha  activity  supported  these  observations.  A  more  or  less  periodic  modulation  of  this 
activity  was  documented  under  all  circumstances.  However,  during  good  performance, 
modulation  in  laft  central  cortex  waa  uniquely  dominated  by  slower  cycles,  ranging  from 
3-5  minutes  in  period  and  with  increasing  amplitudes.  Conversely,  during  poor 
performance,  this  modulation  was  faster  (1-3  cycles  per  minute)  and  showed  stable  or 
decreasing  amplitudes.  Both  period  and  amplitude  differences  between  hemispheres  tended 
to  disappear  as  performance  deteriorated. 

Although  increased  arousal  or  demand  generally  decreased  activity  at  this 
frequency,  it  did  not  abolish  hemispheric  differences  in  central  cortex  if  the  task  was 
being  successfully  performed.  Moreover,  this  discrepancy  was  abolished  in  conditions  of 
both  low  and  high  arousal  if  the  subject  was  not  operating  the  aircraft  controls.  Thus, 
one  cannot  attribute  the  attenuation  of  this  pattern  during  poor  performance  or 
disorientation  to  a  nonspecific  arousal  effect. 

It  is  possible  that  the  unilateral  facilitation  of  S-15  He  patterns  was  related 
to  the  so-called  "an  arceau  rhythme"  (or  mu  rhythm)  described  by  Gastaut  (37),  However, 
this  rhythm  is  dependant  on  the  ab9ance  or  suppression  of  movement  (37,38),  an  unlikely 
requirement  for  the  hand  operating  attitude  control  in  moat  of  our  studies.  Moreover,  as 
stated  above,  this  hemispheric  discrepancy  disappeared  during  periods  of  non-periormance. 
nevertheless,  the  possible  relationship  of  thasa  findings  to  tha  mu  rhythm  concept  bears 
further  consideration. 

It  will  be  recalled  from  our  initial  comments  that  an  extenaivt  animal  literature 
has  shown  that  rhythmic  £80  frequencies  in  sensorimotor  cortex  are  produced  by  ascending 
volleys  of  intrinsic,  gated  discharge  from  neurons  in  the  specific  thalamic  relay  nucleus 
projecting  to  this  arau.  Tha  amplitude  of  resulting  BEG  patterns  it  determined  by 
changing  levala  of  cortical  activation,  further,  oscillatory  thalamic  discharge  ia 
Increased  by  either  tha  spontaneous  or  imposed  reduction  of  afferent  activity  in  related 
sensory  pathways.  Thus,  it  is  reasonabls  to  propose  that  a  unilateral  Increase  In 
sensorimotor  eeg  rhythmic  patterns  reflects  a  dacraasa  in  the  processing  of  somatosensory 
information  in  that  hemisphere.  Conversely,  tha  attenuation  of  auch  activity  implies 
increased  functional  processing.  Additionally,  the  modulation  of  these  events  over  time 
can  be  interpreted  as  an  index  of  the  need  for  auch  information. 

Tha  present  context  does  not  allow  for  a  detailed  discussion  of  these 
neurophysiological  dynamics.  However,  it  can  be  seen  that  they  provide  a  basis  for  some 
speculation  concerning  the  present  findings.  We  would  suggest  that  competent  flight 
performance  requires  a  differentiation  of  right  and  laft  hemisphere  sensorimotor 
functions.  It  is  now  generally  accepted  that  tha  laft  hemisphere  functions  in  a  primary 
linear,  sequental  and  logical  fashion,  and  is  apecialized  for  symbolic  comprehension  and 
calculation,  While  tha  right  hemisphere  functions  in  a  primarily  holistic,  simultaneous 
fashion  end  is  specialised  for  visual-spatial  and  viaual-parcaptual  activities  (39,30). 
Oiven  the  nature  of  this  division  of  labor,  our  data  imply  that  high-performance  flying  is 
improved  as  these  underlying  neurophysiological  functions  become  more  clearly 
differentiated.  Indeed,  it  appears  that  the  actual  psychomotor  act  of  aircraft  control  is 
less  relevant  to  adequate  performance  than  the  visual-spatial  processing  that  is  ongoing. 
Ws  speculate  that  these  psychomotor  tasks  must  become  highly  overlearned  or  near  automatic 
behaviors  (probably  even  subcortical ly  maintained)  while  the  visual-  spatial  environment, 
and  therefore  visual-perceptual  processing,  remains  novel  and  in  need  of  constant  adaptive 
response. 


Borrowing  from  the  analogy  of  Donchin  st  al  (31),  we  would  assign  to  the  right 
hemisphere  the  task  of  "tacticel"  information  processing  and  to  the  left  the  task  of 
"strategic"  information  processing.  Thus,  in  optimal  parformance  circumstances,  tha  right 
sensorimotor  cortex  is  continuously  engaged  in  tha  spatial-percoptual  task  of  guiding 
flight  operations.  The  left  sensorimotor  cortex,  having  specified  the  overall  objectives, 
doss  not  intarfara  with  this  process  except  to  update  on  a  periodic  basis.  Tha  mors  often 
instructions  must  be  updated  or  conscious  calculations  mads  (i.e.,  tha  shorter  the  period 
of  amplitude  modulation),  tha  less  competent  the  performance.  When  strategic  and  tactical 
efforts  become  simultaneous,  the  quality  of  performance  may  bs  compromised. 

Our  findings  in  the  area  of  0-force  effects  on  EEG  patterns  are  very  preliminary. 

Ones  again,  however,  they  appear  to  be  consistent.  Data  from  both  passenger  and  pilot 
subjects  have  shown  that  the  onset  and  Increment  of  significant  G-force  effects  is 
accompanied  by  a  nonspecific  Increase  in  lower  frequency  patterns.  The  present  data  for 
pilots  operating  the  aircraft  suggest  that  this  is  particularly  true  for  the  4-7  Hi  band. 
However,  regardless  of  this  affect,  if  central  8-15  Hz  left-right  hemisphere  discrepancy 
is  maintained,  competent  performance  is  continued.  The  ongoing  collection  and 
interpretation  of  data  in  this  context  should  further  clarify  these  relationships. 
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DI8CUB8IOH 


KAUFMAN,  US;  It  is  well-known  that  when  thura  is  not  too  ouch  demand  on  the  alert  but  resting  person, 
then  there  le  a  good  bit  of  alpha  activity,  having  rose  periodicity,  which  occura  In  eplndlae  In  the  range 
of  8  -  11  Hz.  However,  whan  the  parson  la  disturbed,  ha  becomes  alert  and  generates  lota  of  beta 
activity.  This  uaad  to  be  called  desynchronization,  sometime*  alpha  blockage,  end  la  charactarlzed  by 
having  leaa  periodicity  in  the  8  -  11  Hz  range.  It  aay  be  hypothesized  that  you  have  a  situation  in  which 
tha  pilot  la  presented  with  poor  parforasnea,  which  ha  perhaps  senses;  and  he  becomaa  more  alart,  he  looks 
r.  round  more,  hie  alpha  activity  is  blocked,  and  ha  shows  desynchronisation.  Similarly,  under  hlgh-G,  ha 
becomes  disturbed  and  displays  tha  saae  kinds  of  characteristic*.  Given  the  fact  that  this  can  occur 
asyaaatrlcally  over  tha  haslspheres,  to  what  extent  would  such  a  hypothesis  account  for  your  data? 

SCKUMHZft,  US;  I  cannot  aay  that  we  have  gone  about  taking  all  of  tha  relevant  questions  pertaining  to 
that  hypothaala.  Of  course,  if  that  wars  to  occur,  then  we  would  expect  to  eee  increases  in  beta 
activity,  which  did  not  happen  in  our  situation. 

CEVIN8,  US!  Tha  bate  band  anargy  goes  down  with  increased  activation  and  performance  of  taek.  It  does 
not  Increase  aa  has  been  erroneously  reported  on  numerous  occaalons.  So  Dr.  Kaufman's  account  of  your 
results  la  probably  correct. 
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SUMMARY 


Motion  evoked  potentials  (MER)  were  collected  from  subjects  while  they  were  rotated 
from  aide  to  aide  in  a  seated  position.  The  MERs  were  blphasic  with  major  component 
mean  latencies  of  278  msec  and  388  msec.  It  is  concluded  that  the  MERs  are  of  brain 
origin  and  not  due  to  artifacts  from  the  recording  environment.  The  latencies  of  the 
waveform  components  of  the  MER  suggests  that  the  MER  results  from  the  onset  of  the 
rotation  stimulus.  Differences  between  the  MERs  reported  here  and  those  of  other 
published  reports  may  be  due  to  the  added  involvment  of  the  saccule/utricle  apparatus 
and  the  more  rapid  onset  of  the  stimulus. 


INTRODUCTION 


The  vestibular  system  is  of  crucial  importance  In  establishing  orientation  in  space 
and  providing  acceleration  information.  Numerous  studies  have  been  performed  on  lower 
animals  which  have  provided  much  information  concerning  the  anatomy  and  physiology  of 
the  vestibular  system.  However,  little  electrophysiologlcal  data  is  available  from 
normal  human  subjects.  This  is  in  part  due  to  the  difficulty  of  providing  adequate 
stimuli  which  permits  the  recording  of  electrical  events  associated  with  the  stimuli. 
This  is  unfortunate  because  of  the  role  played  by  the  vestibular  apparatus  in  normal 
situations  as  well  as  its  hypothesized  role  in  motion  and  space  sickness. 

Several  investigators  have  recorded  electrical  activity  from  the  human  brain  in 
response  to  motion  stimulation  (1)  (2)  (3) .  The  results  of  theBe  studies  are  inconsistent 
and  inconclusive.  The  exact  reason  for  this  is  not  clear,  but  may  be  dun  to  the  nature 
of  the  stimuli  used,  or  the  state  of  their  subjects  (4)  (5).  However,  Salamy  et  al  (5) 
and  Hood  and  Kayan  (4)  have  taken  systematic  approaches  to  the  methodological  problems 
concerning  vestibular  stimulus  presentation  and  status  of  subjects.  These  two  studies 
focused  on  different  aspects  of  the  motion  evoked  response  (MER).  Salamy  et  al  (5) 
were  interested  in  the  activity  occurring  within  the  first  second  following  stimulus 
onset,  while  Hood  and  Kayan  (4)  investigated  the  later  evoked  activity  (up  to  two 
seconds  after  stimulus  onset).  The  subjects  were  seated  in  an  upright  position  with 
their  heads  tilted  30  degrees  forward.  They  were  rotated  about  the  vertical  axis  of 
the  body,  with  the  intention  of  maximally  stimulating  the  horizontal  semicircular 
canals.  Salamy  et  al  (5)  reported  blphasic  MERs  that  exhibited  prominent  negative 
and  positive  components.  The  negative  component  had  a  mean  latency  of  193  msec  after 
onset  of  the  stimulus,  and  the  positive  component  had  a  mean  latency  of  345  msec.  The 
authors  concluded  that  MERs  were  vestibular  in  origin,  and  not  a  result  of  somatosensory 
or  ocular  influences.  The  MERs  were  quite  comparable  to  averaged  scalp  potentials 
obtained  from  the  other  sensory  systems.  Hood  and  Kayan  (4)  Investigated  the  much 
longer  latency  MER  components.  These  authors  reported  that  they  could  not  consistently 
find  the  short  latency  MER  components  found  by  earlier  investigators.  However,  they 
reliably  observed  a  slow,  dome-shaped  negative  component  reaching  a  peak  at 
approximately  700  msec.  This  negative-going  component  was  larger  when  visual  input  was 
present,  indicating  the  influence  of  optokinetic  effects  from  the  visual  system. 

The  differences  in  these  two  studies  may  ba  due  to  the  experimental  conditions. 
Salamy  et  al  (5)  usad  a  fairly  sudden  onset  motion,  and  the  subjects  were  blindfolded 
and  instructed  to  keep  their  eyes  closed.  Hood  and  Kayan  (4)  used  a  much  slower  onset 
motion,  and  subjects  fixated  on  a  spot  at  eye  level  that  moved  in  conjunction  with  the 
subjects.  Both  studies  positioned  subjects  so  that  only  the  semicircular  canals  were 
stimulated. 

The  purpose  of  the  present  study  is  to  stimulate  both  the  semicircular  canals  and 
the  saccule/utricle  apparatus.  Me  examined  the  brain  activity  during  the  first  second 
after  stimulus  onset  to  determine  whether  or  not  early  components  of  the  MER  can  be 
reliably  recorded. 
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METHOD 

Six  young  adult  mala  aubjaota  wart  uaad  In  thla  oxparlmant.  They  ware  all  haalthy 
aa  aaocrtalnad  by  a  phyalcal  axaminatlon.  Silvtr-allver  chloride  alectrodaa  ware  applied 
to  the  vertex  (Ci)  and  both  maitoid  processes.  One  maatoid  waa  uaed  ae  reference,  the 
other  aa  ground.  Electrode  impedances  ware  SX  ohma  or  leas. 

The  Armstrong  Aeromadical  Research  Laboratory  Dynamic  Environmental  Simulator  (DES) 
waa  uaad  to  provide  the  motion  atimulua.  The  DES  ia  a  man-rated,  three  axia  centrifuge 
with  a  19  feet  radius.  It  ia  controlled  by  a  digital  computer  which  operates  a 
hydraulic  and  direct  drive  electric  motor  ayatem.  During  this  experiment,  only  the  cab 
waa  rotated,  not  the  main  arm.  The  cab  ia  a  apherical  gondola  10  feet  in  diameter  and 
ia  rotated  on  the  arm  by  a  hydraulic  drive  ayatem.  Subjects  were  seated  and  atrapped 
upright  into  an  aircraft  aeat  mounted  at  the  center  of  the  aab.  From  the  upright, 
eeated  position  the  subjects  were  rotated  approximately  90  degrees  to  their  left  along 
the  Y-axis  of  the  body.  After  several  seconds  In  this  position,  they  were  rotated 
approximately  180  degress  in  the  same  plana  to  the  right  aide.  The  rotation  took  four 
seconds,  which  reaulted  in  an  acceleration  of  approximately  pi/4  radians/sec”2  (45 
degreea/sec*2).  They  wore  then  returned  to  the  upright  position  and  given  several 
minutes  to  readapt,  than  the  stimulus  sequence  was  repeated  for  a  total  of  six 
rotations.  The  EEC  was  sampled  for  one  second  at  a  rate  of  250  Hz  by  a  Nicolet  CA  1000 
averager  beginning  with  the  onset  of  rotation.  Grass  P511  AC  amplifiers  were  uaed  to 
amplify  the  EEG  and  had  a  gain  of  approximately  50K.  The  cab  was  illuminated  and  the 
subjects  fixated  a  spot  in  front  of  their  ayes  during  the  rotation.  A  television  camera 
mounted  Inside  the  cab  provided  visual  monitoring  of  the  subjects  during  the  rotation 
and  between  rotations. 

For  two  of  the  aubjecta,  additional  eleotrodea  were  attached  at  the  center  of  the 
forehead  approximately  1  cm  above  the  nasion,  and  on  the  point  of  the  cheek  bone.  This 
was  done  because  the  amplifiers  were  in  the  DES  cab  and  alao  aa  a  check  on  movement 
Induced  artifacts  form  the  aubjecta.  By  positioning  electrodes  on  the  head  at  sites 
more  distant  from  the  brain,  it  waa  assumed  that  this  would  provide  information  as  to 
whether  or  not  motion  artifacts  were  present.  If  the  same  electrical  activity  was  found 
at  the  vertex,  forehead  and  cheek  sites,  then  one  could  conclude  that  motion  artifacts 
were  being  recorded,  as  well  aa  sensory  activity  from  the  brain.  The  forehead  electrode 
also  would  register  eye  potentiala  that  would  be  larger  than  those  from  the  vertex  due 
to  the  proximity  to  the  eyes. 

As  a  further  test,  this  electrode  configuration  was  applied  to  another  subject  who 
was  presented  with  a  stimulus  situation  that  is  known  to  result  in  a  large,  late 
positive  component  which  is  similar  to  the  one  found  in  this  experiment(6) .  The  so- 
called  "odd-ball*  paradigm  was  used  in  which  100  stimuli  are  presented  that  consist  of 
80  regular  tones  with  20  different,  clearly  dlscernable  rare  tones  randomly 
Interspersed.  The  subjects  were  asked  to  covertly  count  the  rare  tones  that  were  heard. 
This  would  produce  a  large  positive  component  approximately  300  msec  following  onset  of 
the  rare  tone.  Since  this  potential  is  of  known  brain  origin,  its  relative  size  at  the 
vertex,  forehead  and  cheek  would  show  the  potential  gradient  distribution  from  brain¬ 
generated  activity  at  these  sites. 


RESULTS 

Figure  1  presents  the  motion  evoked  responses  (MERs)  from  the  six  subjects.  The 
MERs  can  be  characterized  as  biphasic,  starting  with  a  negative-going  component  with  a 
mean  latency  of  278  msec  following  the  onset  of  rotation.  This  is  followed  by  a  large 
positive-going  component  that  peaks  at  388  msec  (Table  1).  The  data  taken  from  the 
forehead  and  cheek  are  depicted  in  Figure  2,  and  show  that  these  biphasic  components  are 
attenuated  at  the  forehead  and  essentially  absent  from  the  cheek  recording.  This 
indicates  that  the  potentials  recorded  from  the  vertex  were  of  brain  origin.  The  data 
from  the  subject  in  the  "oddball"  paradigm  are  shown  in  Figure  3,  and  display  the 
typical  large  lata  positive  component  which  is  quite  similar  to  the  MER  in 
configuration.  The  positive  component  was  evident,  but  smaller,  at  the  forehead  and 
essentially  absent  at  the  cheek.  This  was  the  same  pattern  found  with  the  MERs. 

Table  I.  Means  and  standard  deviations  of  the  major  components 
of  the  motion  evoked  response.  Latency  in  msec  and 
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Figure  1.  Average  notion  evoked  response*  from  the  six  subjects. 

Positive  plotted  as  an  upward  deflection. 

In  order  to  test  for  effects  due  to  the  movement  of  the  electrode  leads  and 
amplifiers,  a  "dummy  subject"  consisting  of  10K  ohm  resistors  was  placed  in  the  position 
of  the  human  subject's  head.  Analysis  of  these  data  taken  during  cab  rotation  resulted 
in  a  straight  line  recording,  showing  that  the  movement  of  the  leadB  and  amplifiers  did 
not  contribute  to  the  MER. 


Figure  2.  Averaged  responses  from  one  subject  recorded  from  the 

vertex,  forehead  and  cheek  in  response  to  six  rotations. 
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Figure  3.  Response*  from  ons  subject  In  tho  "odd-ball*  paradigm 
recorded  from  the  vertex,  forehead  and  cheek. 


DISCUSSION 

The  MERs  elicited  In  this  study  stem  to  be  cortical  In  origin.  They  are  quite 
similar  from  subject  to  subject  and  decrease  in  site  as  the  recording  site  1b  moved  away 
from  the  vertex.  The  similarity  of  the  potentials  between  subjects  Indicates  that  they 
are  due  to  vestibular  stimulation.  Identical  MERs  from  all  subjects  would  indicata  that 
they  were  due  to  movement  artifact  and  not  neural  in  origin.  The  similarity  found 
between  subjects  exhibited  enough  variability  to  argue  for  neural  origins.  Also,  the 
finding  that  the  amplitudes  were  much  smaller  at  the  forehead,  and  not  evident  at  the 
cheek,  further  supports  a  neural  origin  and  one  which  is  probably  located  in  the  central 
regions  of  the  brain.  More  precise  localization  is  not  possible  with  the  present  data. 
However,  Salamy  et  al  (5)  reported  that  the  largest  amplitudes  were  recorded  from  the 
more  central  regions,  Since  the  MERs  from  the  forehead  electrode  were  considerably 
smaller  than  those  from  vertex,  ocular  origins  of  the  MER  can  be  ruled  out,  or  at  least 
seen  to  have  had  a  negligible  Influence  on  the  MER. 

Salamy  et  al  (5)  were  concerned  with  possible  somatosensory  origins  or  influences 
on  the  MER.  They  convincingly  argued  that  the  time  course  of  their  records  was  not 
compatible  to  those  found  with  somatosensory  responses.  The  somatosensory  system  would 
produce  much  earlier  components  than  those  found.  The  same  argument  would  seem  to  hold 
for  the  present  data. 

In  contrast  to  Hood  and  Kayan  (4)  and  in  line  with  Salamy  (S)  we  were  able  to 
record  early  components  of  the  MER  from  our  subjects.  It  is  clear  from  Table  I  that  the 
latencies  of  the  two  components  were  consistent  across  subjects.  The  standard 
deviations  are  similar  to  those  reported  from  studies  whose  evoking  stimuli  are  auditory 
or  visual.  It  seems  likely  that  the  rate  of  onset  of  the  stimuli  was  an  important 
difference  between  Hood  and  Kayan  (4)  and  Salamy  et  al  (5)  and  the  present  study.  The 
early  components  of  the  MER  may  well  be  sensitive  to  and  directly  responding  to  the 
initial  onset  of  rotation.  While  the  longer  latency,  dome  like,  response  reported  by 
Hood  ar.d  Kayan  (4)  is  produced  by  continuation  of  the  rotation.  These  relationships 
should  be  investigated  in  a  systematic  fashion  to  provide  better  understanding  of  the 
mechanisms  underlying  the  MER. 

In  regard  to  the  data  presented  in  Salamy  et  al  (5),  the  latencies  reported  here 
are  longer  by  approximately  100  msec  for  the  negative  component,  and  approximately  SO 
msec  for  the  positive  component.  There  are  several  possible  reasons  for  these 
differences.  Stimulus  onset  rate  and  body  orientation  are  two  good  candidates  though 
not  the  only  ones.  As  discussed  above  stimulus  characteristics  are  very  important  for 
the  MER.  While  similar  ratos  were  used  in  the  two  studies  the  differences  between  them 
could  well  have  produced  the  MER  differences.  The  second  factor  was  body  orientation 
during  the  stimulus  which  determines  the  nature  of  the  stimulation  to  the  vestibular 
sensors.  Salamy  et  al  (5)  purposely  positioned  their  subjects  so  as  to  only  stimulate 
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tha  aamloircular  canals.  In  tha  praaant  study  ths  subjscts  orlsntation  was  such  so  that 
ths  saccula/utricla  apparatus  would  also  bs  stimulataa.  Tha  added  input  from  these 
sense  organs  could  be  responsible  for  the  later  response  latencies  found  in  the  HERs. 
Other  variables  may  also  have  been  responsible  for  the  latency  differenoee.  while  no 
conclusions  can  be  drawn  at  this  time  concerning  the  origin  of  the  reported  differences, 
ths  data  do  suggest  that  studies  be  carried  out  which  systematically  vary  these 
parameters  in  order  to  determine  the  variables  responsible  for  the  HER,  further,  this 
sort  of  research  would  also  permit  the  determination  of  the  relationships  between 
manipulations  of  these  variables  and  exact  changes  in  the  HER. 

In  sddition  to  manipulation  of  orientation  and  acceleration,  the  reliability  of  the 
HER  should  bs  tested.  If  these  waveforms  are  stable  over  time,  the  differences  between 
subjects  could  be  investigated  in  terms  of  suseptibility  to  motion  effects,  such  as 
nystagmus  and  motion  sickness.  It  is  possible  that  not  only  could  suseptible 
individuals  be  identified  but  alto  the  effects  of  medication  and  behavioral  treatment 
could  be  monitored. 
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DISCUSSION 


GUEDRY,  USi  1  gather  Chat  tha  tilt  you  used  wag  from  90°  lgft  to  90°  right  or  vie*  versa.  To  fully 
understand  tha  nature  of  your  atlmulue  you  would  also  negd  to  know  the  enguler  velocity  profile.  If  you 
start  your  stimulus  with  s  high  angular  acceleration  to  soma  constant  velocity  —  probably  45°/a  or  so  — 
than  you  would  have  a  strong  semicircular  canal  stimulus,  and  a  oore-or— leas  continuous  change  In  stimu¬ 
lation  of  the  otolithic  organa.  At  the  end  of  the  stimulus  period,  you  would  have  a  reversed  semicircular 
canal  stimulation.  Would  you  clarify  exactly  what  Is  Che  condition  of  your  stimulus? 

WILSON,  USt  It  was  45°/s.  The  entire  motion  look  place  in  4  seconds,  but  we  only  analysed  the  first  one- 
second  of  data  because  of  equipment  problems. 

GUEDRY,  USt  So  your  stimulus  st  ths  beginning  is,  in  fact,  a  semicircular  canal  stimulus  which  would 
parslat  for  part  of  tha  tine  during  which  you  ware  generating  an  otolithic  stimulation. 

JOHNSON,  GBt  Hava  you  any  idea  of  the  reaction  of  the  eyes  during  your  experiments? 

WILSON,  US:  We  used  a  fixation  light,  but  did  not  find  large  aye  excursions.  We  had  very  small  levels  of 
activity,  but  we  may  have  been  picking  up  EEG,  I  don't  think  we  had  any  eye  movements  that  were 
detectable. 

LANDOLT,  CAt  The  stimulus  that  you  used  was  asymmetrical  in  tha  sense  that  you  tilted  90°  one  way  from 
tha  upright  position,  and  than  tilted  180°  in  the  opposite  direction.  If  you  evoked  eosatoaensory 
potentials  than,  would  thaaa  not  show  up  as  an  asymmetric  response?  Did  you  check  for  this? 

WILSON,  UBi  Wa  only  recorded  from  tha  midline  with  this  expsrlmant,  and  only  with  one  EEG  channel.  I 
think  the  way  to  check  for  thle  would  be  to  record  bilaterally. 

WOLFE,  USt  I  don't  ate  how  you  can  define  your  stimulus.  If  you  move  tha  whole  body,  than  you  will  have 
e  somatosensory  stimulus,  a  croas-couplad  semicircular  canal  stimulus,  and  otolithic  stimulation;  all 
taking  place  simultaneously. 
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aUMMAXT 

Tha  affect  of  hypoxia  on  tha  long-latancy  veatibular  evoked  raaponaa  (VaEK)  was  examined  in  eight 
aicting  aubjacta  who  underwent  intaraittant  0.1  Ha  sinusoidal  rotation  in  complete  darknaaa,  while 
fixating  on  a  Mall  target  light  that  rotated  with  tha  subject,  Evoked  responses  ware  recorded  during 
10  minutes  of  rotational  atlaulatlon  after  breathing  each  gaa  alxtura  for  a  minim**  of  23  minute*. 
For  intaraittant  clockwlae  (CV)  rotation  in  tha  horlaontal  plana,  a  reproducible  negative  potential 
(-2H *7  *  2.3  vi  V)  (mean  ±  SEK)  developed  at  electrode  altea  located  between  tha  vertex  and  tha  "linked" 
ear*  during  air  breathing  condition* .  It  peaked  close  to  the  point  of  oaxlaun  velocity  of  tha  slnu- 
aoldal  atimulua.  This  negative  cortical  potential  decreased  (l.e.,  it  became  leaa  negative)  with 
reapect  to  the  air  control  by  25 .42  (P  <  0 »0 1 )  whan  tha  aubjacta  were  exposed  to  a  16.72  oxygen  breath- 
ing  mixture  (altitude  equivalent  of  1900  a).  No  effect  waa  seen  with  18.72  (910  a)  and  14  .4%  (2780  m) 
oxygen  breathing  mixtures.  Por  Intermittent  counterclockwise  (CCW)  rotation,  a  positive  potential 
(30.1  *  3.7  pV)  developed,  during  eir  breathing,  between  tha  vertex  and  tha  linked  tar*.  This  ampli¬ 
tude  decreased  by  18.92  whan  breathing  both  tha  18. 72  and  16.62  oxygen  ga*  mixture*  (P<  0.01),  and  by 
17.92  for  a  14.42  oxygen  mixture  (P<  0.03)  compared  to  the  standard,  air.  Thaaa  results  Indicate  that 
the  cortical  processing  of  vestibular  sensations  may  be  affected  even  under  very  mildly  hypoxic  condi¬ 
tions*  Animal  stadias  have  indicated  that  the  levele  of  hypoxia  used  In  this  study  can  significantly 
alter  neurotransmlttsr  metabolism  in  brain  tissue.  Modification*  in  neurotransmitter  synthesis  and 
concentration  by  the  hypoxic  condielona  may  explain  tha  susceptibility  of  cortical  processing  of 
sensory  information  to  very  mild  hypoxia.  Compensatory  change*  in  cerebral  blood  flow  and  neurotrans- 
rnltter  synthesis  may  be  responsible  for  the  reduced  effect  under  the  more  severe  hypoxic  conditions. 


1.  INTRODUCTION 

Spatial  disorientation  in  flight  ( SUP)  occurs  because  of  an  incorrect  coneciou#  perception  of  the 
body's  orientation  In  space*  It  la  a  contributing  factor  in  up  to  10Z  of  all  aircraft  accidents  [ I J • 
Host  research  Into  tha  effects  of  environmental  atresaore  on  SDF  has  bean  concerned  udth  the  func¬ 
tional  dieruption  of  tha  veatibular  and  vleual  systems,  either  at  the  level  of  the  end-organ  or  at  the 
sub-cortical  brain* tam.  However,  It  la  In  the  cortex  where  conscious  awareness  of  spatial  orientation 
is  processed  (2,3,4  ,5]*  Since  inadequate  or  degraded  veatibular  and  visual  cues,  and  the  failure  to 
coneclouely  detect  changes  in  attitude  or  motion  of  the  aircraft  probably  account  for  the  most  Impor¬ 
tant  causes  of  disorientation  accidents  [1],  any  disruption  of  tha  cortical  processing  of  conscious 
perception  of  veatibular  signals  Is  also  of  critical  concern.  Although  the  correct  functioning  of  the 
end-organ  and  brainstem  is  critical,  SDF  may  still  occur  If  cortical  processing  of  vital  information 
pertaining  to  spatial  orientation  la  distorted  or  Impaired. 

The  processing  of  both  visual  [6,7]  and  auditory  (8,9]  sensory  Information  at  the  level  of  the 
cerebral  cortax  la  more  readily  Impaired  by  hypoxia  than  Is  the  analogous  sub-cortical  primary  proces¬ 
sing  (10]  .  A  possible  explanation  for  tha  sensitivity  of  the  cerebral  cortex  to  mild  hypoxia  la  that 
even  small  changes  in  the  concentration  of  oxygen  in  the  breathing  mixture  can  lead  to  dramatic 
changes  In  the  functional  metabolic  etata  of  the  central  nervous  system  [11,12,13,14]  (see  DISCUS¬ 
SION).  More  severe  hypoxia  than  that  required  to  disrupt  cortical  function  decreases  the  frequency  of 
caloric- Induced  nystagmus  (15J,  and  increases  tha  alow  phase  angular  velocity  of  rot  at  Ion- induced 
nystagmus  [16].  However,  in  cate,  complete  anoxia  of  several  minutes  duration  la  required  to  effect 
the  ehort-letency  vestibular  evoked  response  (VaER)  [17J,  tfclch  arises  from  the  vestibular  nerve  atxl 
tha  brainstem.  Since  the  cortex  is  very  sensitive  to  any  changes  la  oxygen  tension,  one  would  expect 
that  disruption  of  vestibular  sensation  may  occur  at  levels  of  hypoxia  that  have  little  or  no  effect 
on  the  basic  reflex  mechanisms  of  tha  veatlbulo-ocular  system.  Evidence  of  this  has  bean  reported  by 
both  Fraser  at  al .  [18]  and  Yamasaki  at  al .  [19],  who  found  that  mild  hypoxia  (oxyhemoglobin  satura¬ 
tion  >B5  X)  affected  the  overall  postural  stability  of  standing  human  subjects. 

Fredrickson  at  al.  [3,4]  have  shown  that  there  ere  primary  cortical  projections  of  tha  vestibular 
system  to  tha  parietal  cortices  of  rhesue  and  squirrel  monkeys,  which  ars  presumably  associated  with 
the  conscious  integration  of  sensory  information  for  perception  of  body  position.  Several  other 
groups  have  lnveetigeted  the  nature  of  the  VaER  in  humane  and  also  in  animals  [20,21,22,23,24]. 
Figure  1  summarises  tha  reported  results  on  tha  long- latency  cortical  evoked  reaponaea  to  low  fre¬ 
quency  veatibular  stimulation  in  conscious  human  aubjacta.  In  four  of. these  studies,  a  alow  negative 
potential  developed  during  clockwise  rotation  that  tracked  the  veatibular  velocity  stimulus.  Whan  the 
waveforms  of  the  vestibular  evoked  response  In  all  five  studies  are  plotted  on  the  same  time  axle, 
with  tha  origin  eat  to  the  point  of  maximum  acceleration  (large  arrow,  Figure  2),  It  ie  apparent  that 
the  negative  evoked  reaponee  lags  the  peak  acceleration  end  leads  or  tracks  the  peek  velocity,  over  a 
wide  range  of  stimulus  valocltias. 

Slnca  this  slow  potential  shift  tracks  tha  velocity  stimulus,  it  la  believed  that  It  represents 
cortical  processing  of  the  veatibular  stimulus  [23].  Accordingly,  tha  method  was  used  In  thle  study 
to  examine  the  effects  of  mild  hypoxia  on  the  processing  of  veatibular  Information  since  this  would 
have  relevance  In  providing  Ineight  Into  pilot  orientation  and  disorientation. 
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Figure  1«  A  summary  of  five  studies  on  the  long-latency  cortical  evoked  response  due  to  a  vestibular 
'  stimulus  (right  column).  The  velocity  stimulus  is  given  in  the  left  column.  All  evoked 
responses  were  recorded  from  human  subjects  with  a  vertex  electrode  referenced  to  a  nose 
(Cz-N)  ,  or  mastoid  electrode  (Cz-M)  as  cltod.  Al l  plots  are  retracings  raadu  from  the  ori¬ 
ginal  figures  provided  in  each  reference.  In  Hood  (22) ,  no  amplitude  scale  was  provided. 
All  abscissae  are  In  units  of  seconds. 


2 .  MKT  UOUS 

The  long-latency  components  of  the  VsBR  were  recorded  in  eight  sitting  volunteer  subjects  (6 
female,  2  male;  mean  age  of  24  years),  who  underwent  Intermittent  0.1  Hz  sinusoidal  stimulation  (angu¬ 
lar  displacement  •  45*,  angular  velocity  •  14 •a-1 ,  angular  acceleration  -  9#s“2;  in  the  horizontal 
plane)  In  complete  darkness  using  DCIEM* •  Precision  Angular  Mover  (PAM).  These  angular  accelerations 
are  well  above  the  reported  threshold  values  for  conscious  perception  (0.035  -  4.0°e“2)  [25],  but 
below  the  levels  used  In  the  studies  reported  above  [20  ,  21  ,22  ,  23  ,  24  ],  in  order  to  minimize  the  possi¬ 
bility  that  the  recorded  evoked  responses  had  a  somu  to  sensory  origin.  The  Intermittent  rotations 
consisted  of  a  half-wave  sinusoidal  rotation  (of  5  seconds  duration,  every  15  seconds  (Figure  3).  The 
direction  of  rotation  was  alternated  between  clockwise  (CW)  and  counterclockwise  (CCW)  rotations  in 
each  stimulus  paradigm.  Using  tha  10-20  International  electrode  position  system,  the  cortical  evoked 
responses  were  recorded  from  the  Cs  position,  as  referenced  to  the  "linked"  ears  (referred  to  as  "A" 
in  text),  and  from  the  Cz  elte  (as  referenced  to  the  Pz  position)  with  silver-silver  chloride  minia¬ 
ture  electrodes  (Grass  Instrument  Co) .  Bipolar  electrode  configurations  were  chosen  to  conform  to 
previous  studies  [20,21,22,23,24],  as  well  as  to  examine  potential  changes  over  the  primary  vestibular 
cortex  in  the  parietal  lobe.  Conjugate  vertical  and  horizontal  eye  movements  were  recorded  with 
silver-silver  chloride  electrodes  to  monitor  the  vestibulo-ocular  reflex  (VOR)  and  to  detect  blink 
artifacts.  A  common  ground  electrode  wee  placed  on  the  forehead.  The  signals  were  mnpllfled  with  Gould 
Universal  Pre-amplifiers  (Model  11-5407-58)  and  Amplifiers  (Model  12-4615-58),  and  stored  on  magnetic 
tape  witn  an  FM  tape  recorder  (Hewlett-Packard  Co.,  Model  3968A)  along  with  the  velocity  profile  from 
a  tachometer  coupled  to  the  PAM.  The  Cz-Pz,  Cz-A,  VOR,  and  blink  signals  were  bandpass  filtered 
between  0.05  and  30  He,  before  they  were  taped. 
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Figure  2. 

The  cortical  tea  pontes  shown  In  Figure  1 
replotted  relative  to  the  point  of  maxi¬ 
mum  acceleration  (large  arrow)*  The 
smaller  arrows  on  each  wave  form  Indicate 
the  point  of  maximum  negative  response* 


Each  subject  was  exposed  to  each  gas  mixture  for  35  minutes.  The  "resting"  electroencephalogram 
(EKG)  was  recorded  with  Che  subject  in  the  dark  with  the  eyes  open  during  the  first  10  minutes  of 
exposure  to  the  gas  mixture.  Following  ten  minutes  of  other  tests  (not  reported  in  this  paper)*  the 
subject  wee  then  given  5  minutes  of  continuous  0.1  Hr  sinusoidal  rotation  in  cosiplete  darkness  to 
record  the  VOK.  The  Subject  was  asked  to  keep  his/her  eyes  open  and  perform  a  subtraction  task  during 
this  time.  Following  the  VOK  testing*  the  subject  was  exposed  to  10  minutes  of  Intermittent  sinu¬ 
soidal  stimulation  in  the  dark  with  the  eyes  open  and  fixed  on  a  small  light- emit ting  dlolda  placed  15 
cm  in  front  of  the  eyes,  which  rotated  with  the  subject.  Following  the  completion  of  the  intermittent 
stimulation*  the  breathing  gas  mixture  was  switched*  and  the  next  set  of  readings  were  taken.  Half  of 
the  subjects  received  the  gas  mixtures  in  the  following  order:  air*  18. IX  O2  (altitude  equivalent  of 
910  is) ,  16. 6%  O2  (1900  m)  *  14  .AX  O2  (2780  ia) ,  air;  the  remainder  In  the  reverse  order;  none  were  aware 
of  the  order  of  gee  presentation.  All  test  gas  mixtures  were  balanced  with  nitrogen.  All  subjects  had 
refrainod  from  alcohol  and  drugs  for  A 8  hours,  and  food  and  caffeine  for  12  hours  prior  to  the 
experiment.  Inspired  oxygen  partial  pressure  was  monitored  with  e  Beckman  O2  analyser. 


Figure  3. 


VsER 


Intermittent  half-wave  sinusoidal 
stimulus  given  to  each  subject. 
The  Intermittent  stimuli  con¬ 
sisted  of  one-half  of  a  complete 
sinusoidal  rotation  (5  seconds 
duration)  glvan  at  altarnats  CW 
and  CCW  rotations  avary  IS  sees. 
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All  FM  tape  data  were  transferred  to  a  MASSCOMP  5700  computer  (MASSCOMP  Computer.  Co.)  The  velo¬ 
city,  eye  Movement,  and  evoked  response  records  were  digitally  filtered  with  a  3rd-order  Butterworth 
filter,  having  a  3dB  drop  off  In  gain  at  a  cutoff  frequency  of  0.?.  Ha  to  remove  high  frequency  ccnpo- 
nents.  The  data  files  were  reversed,  reflltered,  and  reversed  again  to  cancel  the  effects  of  phase 
shifting  induced  by  the  digital  filters  [26J.  Individual  10-second  segments  of  the  Intermittent  sti¬ 
mulus  and  the  VsER  were  averaged  for  each  subject,  stimulus,  and  gaa  (8  Ss  x  2  stimuli  x  5  gases  “  80 
conditions)  .  The  average  amplitudes  of  the  evoked  responses  were  calculated  only  from  those  data 
segments  that  were  un contaminated  by  gross  eye  movement  or  other  artifacts •  A  total  of  10  to  15  sti¬ 
muli  were  averaged  for  each  condition.  Amplitudes  were  calculated  from  the  averaged  EEC  baseline 
activity  that  was  recorded  during  the  resting  phase.  Because  of  difficulties  In  accurately  determin¬ 
ing  the  starting  point  of  the  velocity  profile,  and  the  point  of  maximum  amplitude,  no  latency  mea¬ 
surements  ware  attempted.  Moreover,  the  concept  of  latency  for  long-latency  VsER,  la  probably  not 
maaningful  in  the  context  of  the  experiments  described  herein.  Phase-plane  plots  of  the  stimulus 
velocity  versus  the  averaged  evoked  response  were  compared  with  similar  plots  of  stimulus  velocity 
versus  aye  movement  to  test  for  eye-movement  artifacts.  The  BMDP-2V  software  program  [27]  was  used  to 
parform  a  repeated  measures  analysis  of  variance  on  the  data.  Comparisons  of  the  first  air  control 
versus  tha  hypoxic  gases  and  the  second  air  exposure  were  performed  with  Dunnett's  test.  This  test 
enables  an  examination  for  significant  changes  of  effects  of  all  four  breathing  gas  mixtures  as  com¬ 
pared  to  the  first  air  control  [28,29].  All  differences  were  considered  significant  when  the  probabi¬ 
lity  exceeded  the  952  confidence  Interval  (l.e.,  P<0.05). 


3.  RESULTS 


A  highly  reproducible  evoked  response  was  recorded  from  all  subjects.  During  intermittent  ainu- 
aoldal  stimulation,  the  VsER  recorded  from  both  the  Cz-Pz  and  Cz-A  montages  was  characterized  by  art 
Initial  evoked  response  (arrow,  Figure  4)  following  the  initial  maximum  acceleration  (similar  to  the 
peaks  seen  by  Buaa  at  al.  [20],  and  Salamy  at  si ♦  [24].  This  was  followed  by  a  slow  potential  shift 
which  closely  tracked- the  stimulus  velocity  "profile  of  the  PAM.  During  CW  rotation,  a  negative  poten¬ 
tial  shift  occurred;  during  CCW  rotation,  a  strong  positive  potential.  Figure  4  illustrates  the  aver¬ 
age  evoked  response  of  subject  "de"  during  CW  stimulation  under  the  condition  of  the  second  air 
control,  along  with  a  plot  of  the  PAM  velocity.  A  clear  correlation  between  evoked  response  and  sti¬ 
mulus  velocity  can  be  seen  In  the  phase-plane  plot  (Figure  5).  No  correlation  was  observed  between 
•ye  movement  and  stimulus  velocity  (Figure  6),  Indicating  that  the  evoked  responses  were  not  an  arti¬ 
fact  due  to  eye  movement.  The  average  evoked  response  (under  CW  rotation)  of  subject  "de"  for  each  of 
the  gas  mixtures  breathed  over  the  course  of  the  experiment  is  given  In  Figure  7.  The  average  evoked 
response  amplitudes  for  the  intermittent  stimulus  for  all  eight  subjects  are  given  In  Table  1  for  CW, 
CCW,  and  combined  conditions. 
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Figure  4  • 

Average  VsER  (for  Cz-A  montage) 
and  stimulus  velocity  profile  of 
subject  “de”  undergoing  intermit¬ 
tent  CW  sinusoidal  stimulation 
during  air  control.  The  arrow 
points  to  the  Initial  evoked 
response  following  the  maximum 
acceleration.  There  is  an  over¬ 
shoot  of  the  velocity  stimulus  In 
the  CCW  direction  at  the  end  of 
the  CW  rotation  due  to  difficul¬ 
ties  in  controlling  the  PAM. 
Small  arrowhead  Indicates  base¬ 
line  level. 


Figure  5. 

Phase-plane  plot  of  stimulus 
velocity  (in  deg/ sec)  versus 
Che  bipolar  Ct-A  cortical 
evoked  response  (in  micro¬ 
volts)  . 


Microvolts 
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The  mean  r.ng  stive  cortical  potential*  recorded  between  Ce-A  and  Cs-Ps,  during  CW  rotation, 
decreased  (i.e.,  they  became  less  negative  )  with  respect  to  the  first  air  control  by  25 .4X  (P<  0.01) 
and  22. 4X  <P  <0.01),  raapact ivaly ,  whan  the  subjects  ware  exposed  to  the  16. iX  oxygen  (equivalent 

altitude  of  19U0  n)  hypoxic  gaa  mixture.  Ho  significant  changes  ware  seen  between  the  air  control  and 

the  other  hypoxic  conditions,  the  assn  positive  cortical  potentials  between  Cs-A  decreased  during  CCW 
rotation  by  IH.yX  when  tha  subjects  were  exposed  to  the  18, 7X  (910  a)  (P<  0.05)  and  16  .6%  oxygen  (P< 

0.01)  gaa  mixtures,  and  by  17.9X  during  exposure  to  the  14.4X  oxygen  (2780  a)  alxture.  When  amplitude 

changes  froa  the  combined  lnteralttent  stlaulatlons  were  compared,  the  mean  Ct-A  amplitudes  decreased 
by  11. 9X  (P<  0,05)  and  22. IX  (P  <  0.01)  with  the  18. 7X  and  16. 6X  oxygen  gas  mixtures,  respectively . 
The  mean  Cs-Ps  amplitudes  decreased  by  14  « IX  under  the  16.6X  alxture.  Ho  effect  was  seen  due  to  expo¬ 
sure  to  the  14  .4 X  oxygen  mixture. 


Figure  6. 


Phase-plane  plot  of  eye  movement 
(in  abltrary  voltage  units)  versus 
evoked  response  (In  microvolts). 


Microvolts 


Figure  7 « 

Average  VaBR  (for  Cz-A  sites)  of 
subject  "de"  undergoing  intermit¬ 
tent  CW  rotation,  during  exposure 
to  the  four  gas  mixtures  shown. 
Each  VsER  waveform  is  drawn  with 
respect  to  different  baselines  as 
Ajr  Indicated  by  the  small  arrowheads 
at  tha  left  of  each  tracing. 

18.7%  o2 
16.6%  o2 

14.4%  02 


*.  DiscubsioN  Seconds 

The  shapes  of  tha  evokud  response  to  tha  intermittent  sinusoidal  stimuli  recorded  In  this  study 
Is  similar  to  those  observed  by  Hood  [22]  and  Hood  and  Ka>an  (23).  However,  they  observed  a  negative 
potential  under  both  CW  and  CCW  stimulation.  In  this  study,  a  positive  potential,  similar  to  the  alow 
positive  potential  shift  reported  for  CW  rotation  by  Salamy  et  al .  [24]  was  seen  during  the  CCW 
rotation,  A  direct  comparison  of  these  different  experiments  la  difficult  since  the  choice  of  s 
blpolai  montage  affects  the  sign  of  the  potential  shift.  The  initial  peak  (arrow,  Figure  4)  is  moat 
likely  the  response  evoked  by  the  initial  acceleration  uf  the  PAH,  suggesting  that  the  total  waveform 
of  the  evoked  response  la  due  to  a  combination  of  evoked  reponses  in  response  to  both  acceleration  and 
velocity  stimuli, 

The  tracking  of  the  velocity  stimulus  by  the  VsER  is  consistent  with  the  velocity-stimulus 
tracking  of  cupular  deflection  In  animal  preparations  for  similar  velocity  profiles  [30],  This  sug¬ 
gests  that  tha  observed  evoked  response  is,  In  fact,  a  mapping  of  cupul.ir  deflection  output  to  the 
-’ortex. 
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UPOUK  AMPLITUDES  OP  VBSTTWJLA*  EVCEJCS  USPOMSBS 
(In  u  V)  UKDta  Alt  AMO  BTPOX1C  OOMD1TIORS 


Electrode  Rotary  Gas  Mixture 

Site  Condition 


Air 

18.72  02 

16. 62  02 

14.72  02 

Air 

C.-P. 

CW 

-19.6 

-16.1 

-15.2* 

-18.3 

-17.3 

tsm 

*  4  .2 

±  1.5 

A  1.9 

A  1.9 

A  1  .5 

C.-A 

CW 

-28.7 

-27.5 

-21.4** 

-25.5 

-23.4 

±SEM 

*  1.9 

A  2.7 

A  1.8 

A  1 .9 

A  1  .2 

C.-P. 

CCW 

15.9 

14.5 

14.2 

14  .0 

13.7 

ASEM 

*  1.9 

A  1.4 

A  1.3 

A  1 .2 

±  1  .7 

Cl-A 

CCW 

30.1 

24.4** 

24  .4  »* 

24.7* 

25.8 

ASSM 

A  3.7 

A  1.7 

A  1.4 

A  1.6 

±2.7 

Ct-Pz 

Combined 

17.4 

15.3 

14.7* 

16.2 

15.5 

±SEM 

(CW  A  CCW) 

A  2.0 

A  0.5 

±  0.3 

A  0.2 

A  0.5 

C*-A 

(a:  a  ccw) 

29.4 

25.9* 

22.9** 

26.9 

24  .7 

±SEM 

A  2.3 

A  1.3 

±0.8 

A  2.8 

A  1.7 

Values  are  given  as  the  mean  of  eight  subjects  *  standard  error  of  the  mean  (SEM)  . 
Combined  values  are  the  means  of  the  absolute  values  of  the  CW  nd  CCW  results. 

*  Significantly  different  fonn  first  air  control  at  P<0.05. 

**  Significantly  different  from  first  sir  control  at  P<0.01. 


It  is  highly  unlikely  that  the  evoked  responses  observed  In  this  experiment  are  due  to  arti¬ 
facts.  The  sensations  experienced  under  the  conditions  used  In  this  study  usually  have  been  accepted 
ea  being  entirely  vestibular  in  origin  [7).  Hood  and  Kayan  [23]  tested  patients  without  vestibular 
end-organ  function,  and  were  unable  to  detect  any  VsKR  under  stimulation  velocities  much  larger  than 
those  used  in  tha  preoent  study,  thus  confirming  that  the  evoked  responses  are  not  of  somatosensory 
origin  (Figure  8).  Moraver,  in  both  this  study  and  that  of  Hood  and  Kayan  [23],  there  were  no  detect¬ 
able  sya  movements  whan  the  evoked  responses  were  recorded,  although  strong  aye  movements  were 
obtained  when  the  fixation  light  was  turned  off.  The  decrease  In  the  amplitude  of  the  response  with 
hypoxia  would  Indicate  Chat  no  electrical  or  mechanical  artifact,  due  to  movement  of  the  subject  or 
the  PAM,  was  responsible  for  the  recorded  waveforms. 

The  change  in  evoked  response  amplitude  Indicates  that  the  cortical  processing  of  vestibular 
sensation  is  affected  by  even  mild  hypoxic  conditions.  This  is  In  agreement  with  studlee  of  other 
sensory  modalities,  where  mild  hypoxia  had  a  detectable  effect  on  dark  adaptation  [32,33,34],  contrast 
discrimination  [32],  flicker  fusion  frequency  [35],  and  on  the  generalized  cortical  activity  [36]. 
The  changes  In  evoked  response  amplitude  seen  In  this  study,  and  the  effects  on  other  sensory  modali¬ 
ties,  even  under  conditions  of  very  mild  hypoxia,  are  consistent  with  the  biochemical  changes  seen  in 
the  brains  of  a nimsl  models,  during  exposure  to  similar  levels  of  hypoxia.  Table  2  summarizes  the 
reported  Investigations  Into  the  effects  of  mild  hypoxic  conditions  on  various  brain  metabolites.  The 
increased  glucose  utilization  [11,12].  increased  lactate  concentration  111],  decreased  acetylcholine 
synthesis  [11,12],  decreased  norepinephrine  and  dopamine  elimination  rates  [14],  and  an  Increase  in 
cellular  cytochrome  aa^  reduction  [13]  with  increased  levels  of  hypoxia,  that  era  shown  In  Table  2, 
would  be  expected  to  attenuate  total  cortical  potential  changes  in  response  to  sensory  stimuli,  due  to 
e  decrease  In  neuronal  activity. 


Figure  8  • 

Vestibular  evoked  response  (st 
Cz-Fs  sites)  recorded  from  a 
normal  subject  (N)  In  reiponae 
to  CW  rotational  stimulation  and 
the  re.;ponaa  from  a  patient  (P) 
with  abaent  end-organ  vestibular 
function.  Upper  curve  Is  the 
stimulus  velocity.  Redraw  from 
Hood  end  Kayan  [ 2 j  j » 


1  sec 
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*  Gibson  at  al .  [12].  Metabolite  concentrations  were  measured  In  the  brains  of  sale  CD-I  mice  after  17 

minutes  of  hypoxia  or  control  gases.  Two  minutes  before  sacrifice  (U-^ Oglucose  was  lnjocted 

Intravenously.  Acetylcholine  (Ach),  serine  synthesis,  and  aspartate  synthesis  from  labelled  glucose 
Is  given  In  terms  of  recorded  dpm  per  mol  of  unlabelled  neurotransmitter. 

2  Gibson  snd  Duffy  [11J.  Metsbollte  concentrstlons  were  measured  In  brain  of  male  Ulstar  rats  after  15 

minutes  of  hypoxia  following  sxposurs  to  70X  N2/30X  O2  control  gases.  One  minute  before  sacrifice, 
the  rsts  were  injected  intravenously  with  isotopic  tracer  of  acetylcholine  synthesis  (U-^C)  glucose 
and  (l-2H2,  2-2H2>  choline  (20  p mol. kg1).  Lactate  concentration  in  nmol  per  mg  of  brain  protein, 

glucose  utilisation  given  as  nmol  glucose  utilised  per  rag  brain  protein  per  minute.  Rate  of  acetyl¬ 
choline  synthesis  Is  given  as  nmol  par  100  mg  of  brain  protein  per  minute. 

3  Prloux-Guyonneou  at  al.  [ 14  J  *  The  noreplnephrlna  (NE)  and  dopamine  (0A)  elimination  rates  from  rat 

brains  were  determined  by  measuring  the  endogeneous  concentration  of  norepinephrine  and  dopamine 

after  inhibiting  biosynthesis  with  {  -methyl-para-tyroslne .  Animals  were  sacrificed  hourly  for  4 
hours  during  hypoxic  exposure. 

*  Significantly  different  from  value  obtained  under  the  control  condition  of  70%  N2/3OX  O2  at 
P  <_  0.05  or  better. 

**  Significantly  different  from  value  obtained  under  the  control  condition  of  SOX  N2/20X  O2  st 
P  0.05  or  better • 

***  Significantly  different  from  value  obtained  under  the  control  condition  of  79%  N2/2IX  O2  at 
p  <  0.05  or  better. 


The  reduced  response  st  the  more  severely  hypoxic  condition  is  In  egreeratnt  with  an  earlier  study 
in  which  human  postural  stability  was  effected  st  simulated  altitudes  of  1,500  ra,  2,400  ra,  snd  3,000 
m,  but  was  found  to  be  normal  at  in  altitude  of  3  ,600  ra  [18].  Additionally,  it  la  also  consistent  with 
alterations  in  the  somatosensory  evoked  responses  and  EEG  in  rabbits  during  exposure  to  12X  O2  [37], 
and  with  changes  in  serial  choice  reaction  times  during  mild  hypobsric  exposures  [32].  Figure  9  la  a 
composite  summary  of  the  results  of  this  study,  the  study  on  postural  stability  [18J,  arui  the  results 
on  reaction  times  from  Paul  et  al  •  [38J  ,  The  dopamine  elimination  rate  of  hypoxic  rAt  brains  taken 
from  a  study  by  Frloux-Guyonnesu  «c  1)  .  [  14  J  (last  column,  Table  2)  is  also  Included  in  the  graph.  In 
all  four  studies,  there  Is  s  biphaaic  response,  vfcich  Is  highlighted  by  the  fact  that  very  mildly 
hypoxic  conditions  have  a  greater  effect  on  the  physiological ,  performance,  and  biochemical  para¬ 
meters  1  than  does  the  more  severe  hypoxia.  The  high  correlation  between  the  dopamine  elimination 
rates  and  the  changes  in  the  VeER,  postural  stability,  and  reaction  time  indicates  that  changes  in 
dopamine  neuotransraltter  levels  may  account  for  these  blphaslc  responses. 

It  la  apparent  that  mild  hypoxia  may  Interfere  with  the  processing  of  vestibular  Information  In  a 
manner  similar  to  the  disruption  that  occurs  in  the  processing  ot  visual  snd  auditory  stimulus 
information.  Such  disruption  of  sensory  processing  may  be  an  important  factor  In  pilot  failure  to 
perceive  a  change  in  aircraft  orientation. 


w.eo/r' _ At 


Figure  9 


Coopoelta  eunmary  of  reault*  of  etudlai  on 
tha  physiological ,  performance ,  and  bio¬ 
chemical  raiponaaa  Co  alld  hypoxia.  Tha 
flrat  two  plota  ara  Cha  VaKR  reeulte  takan 
'roc  Table  1  of  Chla  atudy  for  cha  aapllcuda 
(In  microvolte)  of  Cha  combined  (CW  and  CCW) 
rocatlona  for  tha  Ca-A  and  Ca-Pa  alaocroda 
poalclona.  Tha  chird  plot  ahowa  Che  value* 
of  cha  power  of  cha  total  body  away  vector 
(In  na^.Ha)  neaaurad  with  a  balance  plat- 
fora,  takan  front  the  atudy  by  Prater  at  al. 
(IS)  (dacreatad  poatural  etabllity  charac- 
terlsed  by  an  lncrwaaa  In  tha  total  area 
under  tha  power  epectral  curve).  Tha  fourth 
curve  la  tha  reaction  tlaae  (In  neac)  for 
tub) acta  performing  a  aerial  choice  reaction 
else  (SORT)  caak  under  varying  levala  of 
hypoxia  (38).  The  fifth  curve  la  the  dope- 
nine  elimination  (DA)  ratea  (lu  lnverae 
houra)  from  tha  rat  etrlatua  under  different 
hypoxic  condltlona  ( Id ] .  All  error  bara 
repreaent  atandard  error  of  tha  mean  (SEM). 
Tha  aatarlaka  Indicate  elgnlflcant  differ¬ 
ence  from  control  air  at  P<0.03  or  better. 
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7.  AaMOMUDCBROfTS 


The  auchora  axpraaa  thalr  appreciation  to  tha  subjects  for  tlialr  aaalatanca  In  thla  etudy.  R. 
P.  S.  Cardin  kindly  reviewed  tha  aanuecrlpt.  DC1EM  Raaaarch  Report  87-RR-ll. 


piscuaaioi 


KAUFMAN,  US:  It  it  my  impreaelon  that  whan  the  body  la  rotatad  about  tha  vertical  axle,  tha  flow  of  endo- 
lymph  In  tha  horizontal  aamlclreular  canala  exerts  a  mechanical  deformation  on  tha  cupula ;and  the  hair 
calla  aand  signal*,  after  a  vary  ehort  latency,  to  tha  vestibular  nuclei,  and,  presumably,  to  tha  cortex 
aa  wall.  Since  tha  latency  can't  be  more  than  20  -  40  me,  It  follows  that  tha  response  must  be  in  step 
with  long  periods  of  stimulation  such  as  tha  one  you  used;  i.e.,  in  step  with  tha  acceleration  term*  It 
couldn't  be  in  step  with  the  velocity  term  because  it  is  tha  acceleration  that  produces  the  force*  This 
may  explain  tha  puaaling  fact  that  your  data  are  out  of  Phase  by  about  90*  from  those  of  Hood  and  Kayan 
(compare  figa.  4  &  8  in  text)* 

LANDOLT,  CAt  We  feel  that  the  "blip"  in  tha  evoked  response  occurs  as  a  result  of  tha  sudden  "jerk"  as 
the  direction  of  rotation  of  the  PAM  changes  from  CW  to  CCW.  This  was  followed  by  a  slow  potential  shift 
which  closely  tracked  tha  stimulus  velocity*  Our  stimulus  fraquency  was  0,1  Hs,  and  that  of  Hood  and 
Kayan  was  0*3  Hs,  which  could  account  for  tha  phase  difference  between  the  two  results*  Otherwise,  both 
responses  are  tracking  the  velocity  stimulus* 

BEN80N,  UK*  The  point  Is  that  the  primary  afferent  activity  for  stimuli  of  this  type  is  primarily 
velocity  information.  Although  the  canals  are  stimulated  by  acceleration,  the  system  is  such  that  the 
afferent  signal  is  related  to  Instantaneous  velocity,  unless  you  have  very  long  duration  stimuli.  That  is 
well  established  from  primary  afferent  activity,  end  even  from  basic  considerations. 

JOHNSON,  GE:  Were  you  stimulating  the  cenal  or  the  otolithic  organs?  Since  your  data  were  collected  in 
complete  darkness,  1  don't  suppose  you  would  hsve  any  way  of  knowing  what  the  eyae  were  doing  during  that 
period? 

LANDOLT,  CA:  Our  rotations  wars  solely  In  the  horlsontel  plane  so  it  is  unlikely  that  there  would  be  any 
otolithic  stimulation*  The  subjects  were  fixating  on  s  email  luminous  diode  which  rotated  with  the 
subject  to  minimise  eye  movements* 

JOHNSON,  GE:  1  wee  thinking  more  of  counter  rotation*  Did  you  hsve  any? 

LANDOLT,  CA:  Since  we  did  not  stimulate  the  otoliths,  we  did  not  have  counter-rolling*  When  the  fixation 
light  wae  turned  off  we  did  have  strong  nystagmic  eye  movements  but  the  experiments  reported  here  were 
conducted  during  light-diode  fixation  to  avoid  contamination  of  the  cortical  evoked  response. 

WOLFE,  US:  It  Is  not  clear  to  me  that,  if  you  use  visual  fixation  in  thsss  experiments,  whether  or  not 
you  ere  really  looking  at  an  artifact  of  the  vleuel  eystem  in  reeponee  to  the  rotation.  Have  you  done 
these  experiments  with  no  vision  end  obtained  the  same  results? 

LANDOLT,  CA:  We  suppressed  visual  tracking  by  requiring  the  subjects  to  fixate  on  a  light  emitting  diode 
that  was  attached  to  the  rotating  PAM.  There  was  no  correlation  between  eye  movement  end  the  stimulus 
under  fixation  conditions.  If  you  kaep  the  subjects  in  the  dark,  with  no  fixation,  you  observe  a  very 
strong  eye  movement;  i.e.,  the  classical  vestlbulo-ocular  reflex,  which  will  contaminate  any  evoked 
response  waveform.  Even  blind  subjects  would  have  strong  eye  movements  under  vestibular  stimulation. 

WOLFE,  US:  You  are  suppressing  the  veatlbulo-ocular  reflex,  and  we  know  that  there  ie  an  interaction  with 
the  visual-vestibular  system.  In  part,  what  you  may  be  looking  at  Is  the  visual  response  to  the  rotation, 
rather  than  the  vestibular  response* 

LANDOLT,  CA:  Any  visual  response  would  be  in  combination  with  vestibular  sensory  information  to  the 
cortex.  It  would  not  be  an  artifact  due  to  eye  movement* 

BENSON,  UK:  I'd  like  to  see  all  of  these  experiments  done;  firstly,  on  labyrinthine  defective  eubjects, 
then  on  patients  fully  curariced,  and  then  with  people  with  high  spinel  transectlona.  There  may  be  a  few 
problems  there,  but  we  still  don't  truly  know  If  there  ie  a  vestibular  evoked  potential,  or  if  this  is 
eecondery  to  veatlbuler-lnduced  responses* 

LANDOLT,  CA:  I  would  just  like  to  counter  one  of  your  Instances*  Hood  and  Kayan  have  tried  the  method  on 
labyrinthine  defectives  and  found  no  detectable  evoked  response  at  Che  scalp  electrodes* 
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»  unwary 

In  a  anmpariaon  of  tha  chronic  affacta  on  tha  central  narvoua  ayatom  of  five  new 
generation  antidepressants,  we  performed  a  doaa-raaponaa  study  with  5  -  7  healthy 
subjects  per  aubatanca.  Following  standard  medical  screening,  we  made  intraindividual 
comparisons  aftar  one  weak  at  each  of  tha  three  dosages.  Wa  compared  two  MAO- 
inhlbitora,  a  Nk-rauptaka  inhibitor,  a  Sarotonina-reuptaka  Inhibitor  and  an  on  /ai 
adrenergic  receptor  and  Serotonin  Si  -  racaptor  -  antagonist. 

Tha  visual  evoked  potentials  ware  recorded  from  electrode  position  "0«  "  between  Oi  and 
Oi .  The  brightness,  contrast  and  colour  channels  of  tha  visual  system  wore  stimulated 
using  on-off,  checkerboard  and  colour  changes  respectively . 

After  digitizing,  tha  evoked  potentials  were  subjected  to  Fourier  filtering  and 
analysed  in  the  standard  FES  frequency  ranges  delta,  theta,  alpha  and  beta.  This 
improved  stability  and  preciaion  of  measurement  without  phase  shifts.  The  beta  and 
theta  components  indicated  the  bast  response.  The  latency  changes  ot  all  components 
were  measured  and  used  to  form  attenuation  and  activation  coefficients  in  each  range, 
With  the  help  of  factor  analysis,  an  activity  profile  of  the  effects  of  each  of  these 
drugs  in  the  CN3  was  plotted  in  three  dimensions.  Both  activation  and  attenuation 
coefficients  were  used  to  classify  the  effects  of  the  antidepressants  at  the  cortical 
level . 

It  is  suggested  that  the  complex  modes  of  action  of  these  drugs  may  be  characterized  by 
a  local  vector  in  the  three-dimensional,  common-factor  space.  Thus  the  mode  of  action 
measured  in  the  CNS  with  these  techniques  shows  promise  in  clinical  and  research 
applications  including  aaroapace  madicine. 

Introduction 

Depraaeion  as  a  symptom  occurs  in  a  wide  range  ot  human  emotional  and  social  states.  As 
a  clinical  syndrome,  affective  disorders  have  been  suggested  to  consist  cf 
heterogeneous  groups  of  disorders  with  different  etiologies  and  different  responses  to 
psychopharmacological  treatmenta.  In  general,  patients  with  an  endogenous  or  major 
depression,  who  often  need  hospitalization  due  to  severe  impairment  and  suicidal  risk, 
respond  better  to  pharmacological  therapies.  There  is  increasing  evidence  from  placebo 
controlled  studies,  however,  that  other  forma  of  depression  termed  minor,  secondary, 
reactive  or  atypical  depression,  and  anxiety  or  panic  disorders  also  babefit  from 
antidepressant  tharapy.  As  a  result,  neurophysiological  characterisation  of  the 
different  profiles  of  antidepressant  drugs  has  becoms  an  Important  tssk. 

It  is  commonly  suggested  that  the  primary  neurophysiological  effect  of  the  classic 
antidepressant  drugs,  such  as  tricyclic  inhibitors  of  monoamine  neurotransmitters 
(rauptaka  blockers) ,  and  the  irreversible  and  unselsctive  monoamine  oxidase  (MAO) 
inhibitors,  relates  to  their  ability  to  increase  the  synaptic  concentration  of 
cataaholaminaa  and/or  indolaminei  in  the  central  nervous  system  <1>.  Most 
antidepressants,  however,  are  clinically  effective  only  after  chronic  administration. 
Ttierefore  research  has  tocuased  on  the  elucidation  ot  adaptive  changes  of  monoaminergic 
neurons  in  naurotranamiaeion  following  subchronic  administration.  This  raises  the 
question  of  whether  or  not  treatment  with  different  types  of  antidepressants,  including 
tetracyclic  rauptaka  inhibitors  and  the  newer  generation  of  atypical  antidepressants 
and  selective  MAO  -  type  A  inhibitors ,  leads  to  a  common  adaptive  response  in  the  CNS 
which,  in  turn.  may  represent  the  underlying  neurobiologica l  process  leading  to  an 
improvement  in  the  condition  ot  the  patients.  Furthermore,  the  localisation  of  such 
compansatory  responses  to  certain  brain  regions  is  of  considerable  importance.  In 
search  of  such  a  method,  we  have  combined  a  program  of  biochemistry,  endocrinology  and 
electrophysiology  <S>.  This  report  deals  only  with  the  results  in  the  field  of 
neurophysiology . 

In  visual  evoked  potential  drug  research ,  primarily  the  contrast  channel  of  the  visual 
system  has  been  investigated.  It  aeems, however ,  to  be  very  difficult  to  classify 
various  drugs  when  using  only  one  channel.  As  e  result,  we  investigated  the  three 
channels  ot  the  visual  system  -  colour,  luminance  and  contrast  -  and  considered  their 
frequency  dynamics  enabling  us  to  describe  the  mode  of  action  of  each  drug  using  5 
subsystems . 


fhp  fraquancy  dynamics  of  tha  vlaual  eyatam  Mara  studied  by  Spekreijee  and  Ragan  in  tha 
1%70'e  <2,3>.  Thay  olaaaifiad  ataady-atata  avokad  potantiala  into  3  diffarant  fraquanoy 
ranges : 

i)  a  high  frequency  aubayatam  (40-60  Hi) , 

3)  a  medium  fraquancy  aubayatam  (14-30  Hi)  and 
3)  a  low  fraquancy  aubayatam  (  9-13  Ha). 

Thay  found  that  tha  medium  frequency  viaual  evoked  potential  component!  Mara  more 
dependent  on  colour  than  either  the  low  or  high  frequency  ranges.  Thaaa  findlnga  could 
be  aupportad  hy  our  own  investigation!.  From  tha  HSQa  of  normal  awake  persona,  it  ia 
qlao  known  that  dominant  activity  occurs  in  at  least  4-5  frequency  ranges.  Kara  thay 
hva  defined  as  : 

1)  3  Hx  (dalta  range  1-  4  Hi) , 

3)  5  Hx  (theta  range  4-  8  Kx). 

3)  10  Hz  (alpha  range  8-14  Hz)  and 

4)  33  Hz  (  beta  range  14-30  Kx)  (compare  also  <3> . 

in  this  study  the  entire  waveform  was  investigated  including  amplitudes  and  latencies 
of  all  components  not  only  of  tha  standard  flash  and  checker-board  avokad  potentials 
but  also  of  tha  colour-changa  avokad  potentials.  Using  digital  Fourier  filtering 
(transformation  and  retransformation),  we  divided  tha  transient  avokad  potential  into 
the  above-mentioned  ebg  ranges.  Tha  stabilisation  of  the  waveforms  and  latancias  and 
tha  precision  of  maaauramant  ware  quite  good.  Thia  allowed  a  comparison  of  the 
fraquancy  dynamics  of  the  viaual  syatsm  in  order  to  measure  the  effaot  of  the 
psychoactive  drugs  on  tha  system  transfer  function. 

According  to  ANOVA  it  can  be  aeen  that  ona  channel  of  the  visual  system  is  not  adequate 
to  differentiate  all  substances  simultaneously.  With  the  help  of  all  channels  and 
factor  analysis,  it  is  possible  to  simultaneously  differentiate  all  antidapraasants  and 
other  substanoaa  (compare  Johnaon  at  al  in  this  book) . 

Subjects  and  Methods 

39  healthy  volunteers  (15  men  and  14  women,  aged  33  ±  ranging  from  30  to  45  years) 
participated  in  this  study.  All  subjects  gave  their  informed  consent.  They  were  free  of 
any  drugs  for  at  least  4  weeks  and  a  number  of  clinical-chemical,  endocrinological, 
encephalographical  and  colour  vision  (Farnaworth-munaell  and  Iahihara)  measures  did  not 
show  any  deviations  from  the  norm.  The  dosage  schedule  and  the  composition  of  the 
subject  groups  are  shown  in  figure  3. 


BUBBTANCBS 

MICHAN1SM8  OF  ACTION: 

pirlindole: 

(Euthym) 

Cassells 

MAO  Type  A 

Reversible  <6,7> 

TRANYLCYPROMINE : 
(Parnate) 

Rohm  Pharma 

MAO  Type  A,  Type  8, 
Irreversible 

MAPROTILINE : 
(Ludiomii ) 

Ciba  Geigv 

Selective  Noradrenaline 
Reuptake  Inhibitor 

mianserin: 

(Tolvin) 

Organon 

a, /at  Adrenergic  t 
Serotonins  Si  Receptor 
Antagonist 

FLU VOX AMINE: 
(Fevarin) 

uuphar 

Selective  Serotonins 
Reuptake  Inhibitor 

Figure  1.  Substuncea  studied  with  their  probable  mechanisms  of  action  in  the  CNS- 
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Time  of  Acute  Kxd. 

Recording 

Substance  Acute  l.W.  3.W.  3.W.  4.W.  7.W.  No.ol  Subjects  Age  Range 


Piriindole  33b 

7  5 

150 

22b 

•* 

- 

N* 

6 

( 3m/ 3f ) 

31 

± 

6 

25  - 

39 

Tranylcypromine  20 

5 

10 

20 

- 

- 

N- 

6 

(2m/4f ) 

33 

± 

4 

30  - 

40 

Maprotiline  / b 

2b 

50 

75 

- 

- 

N« 

6 

( 3m/3f ) 

2e 

± 

8 

20  - 

44 

Mianserin  60 

20 

40 

60 

- 

- 

N- 

4 

(4m) 

34 

t 

9 

34  - 

45 

Fluvoxamine  lbO 

50 

100 

150 

- 

- 

N* 

7 

(3m/4f ) 

35 

± 

8 

25  - 

44 

m  male,  f  female,  W  week 

Figure  3  Uooage  schedule  A  Composition  of  the  Subject  Groups  Receiving  Antidepressants 
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Antidepressants  with  different  pharmacological  profiles  war*  uaad.  tinoa  6-adrenergic 
receptor  aubBensitivity  following  tha  ohronio  administration  of  diftarant  typaa  of 
antidapraaaanta  haa  baan  proposal  to  b*  ona  common  mechanism  of  aotion  of 
antldapraaaants,  tha  affaot  of  tha  abova  drugs  was  atudiad  aftar  a  alngla  doaa  or 
following  ohronio  administration  in  weekly  inoraaslng  doaagaa. 

No  atudiad  thraa  of  tha  primary  tunotiona  of  tha  visual  system  by  thamaalvaa  - 
brightnasa  vision,  aontrast  vision  and  colour  vision,  for  further  details  aaa  Johnson 
and  Wyrobnlk  <4>.In  an  aarliar  study  Bardjas  and  Daaiaoh  <l>  datarainad  that  the 
antidapraasant  Pirllndole  had  an  affaot  on  tha  viaual  evoked  potential  under  one 
condition,  i.a.  on  the  latency  of  the  Pi > • -ooaponant  after  flash  stinulatlon  but  not 
after  checkerboard  reversal  atiauli.  This  result  was  a  first  indication  of  various 
nauronal  oyateas  for  brightness  and  contrast  stimuli. 

We  uaad  tha  conditions  full  field  stimulation  (Ganxfeld)  on/oft)  and  colour  change.  For 
thasa  conditions  the  subjects  wore  a  colour  neutral,  homogenous  mask  in  order  to  avoid 
contrast  affects.  For  tha  condition  checker-board  revtrsal  the  subjects  fixated  the 
centre  of  tha  scraan.  They  sat  upright,  with  their  heads  supported  comfortably,  a 
■stars  in  front  of  a  standard  TV  screen  (Nordmendo  IK  a,  15625  hx  line  frequency,  623 
lines,  67  cm  diagonal  scraan)  with  a  Vidaooolor  tuba  (Hamburg, A  67  61SX) .  The  spectral 
maxima  of  the  phosphors  wars  450  ±61.5,  540  ±76.3  and  635  ±30.5  nm  ±  half  band  widths. 
Tha  intansitlas  could  be  Individually  controlled  and  were  set  regularly  to  1.3  (red), 
0.6  (blue  and  checkar-board)  and  3.1  X  10*'  A  (white  aoraan,  full  average  1.2) 
(subjectively  equal  in  brightness)  and  measured  with  a  calibrated  photooall  (PIN10D, 
United  Detector  Technology)  and  a  nanoamperemater  (Knick,  Berlin,  Modal  N  33) .  Under 
these  experimental  conditions  for  example,  red  corrasponda  to  a  specific  luminance  of 
0.3  W/om* .  The  view  field  was  12*X8'  viaual  angle.  For  each  stimulus  160  repetitions 
wars  used.  Tha  standard  interval  was  3.7  a. 

The  evoked  potential  was  recorded  from  tha  electrode  position  O.  according  to  the 
intarnational  10-20  system  end  tha  left  ear  served  as  reference.  The  recording 
equipment  consisted  of  silver-silver  chloride  cup  electrodes  filled  with  a  conducting 
paste  and  connected  to  BSQ  amplifiers  (Helligar  KB)  with  an  input  impedance  of  10  MO 
(parallel  to  1  pF) .  The  output  impedance  was  less  than  100  .  The  maximum  amplification 
factor  was  33,000  at  30  gV.  Tha  highpass  frequency  was  routinely  1  KHs  (-3  dB)  and  the 
time  constant  was  1  a.  Tha  signal  was  stored  after  amplification  on  magnetic  tape 
(recorder  Ampax  FR  1300) . 

The  characteristics  at  the  recording  speed  of  4.75  cm/s  were  as  follows: 

Frequency  range  0  -  625  Hx 

Slgnal/noisa  ratio  (RMS)  40  dB 
Harmonic  deatortion  <2% 

Impedance-input  >30  XO 

-output  1  KQ 

The  calibration  of  tha  whole  system  took  place  with  a  50  gV  (±  1%)  signal  at  tha  BEG 
input.  The  BBQ  was  monitored  on  a  4  channel  oscilloscope  and  artifacts  were  eliminated 
visually.  The  BEG  was  digitixed  at  a  sample  frequency  of  512  Hz,  averaged  and  stored  on 
floppy  discs.  Afterwards  it  was  subdivided  into  the  standard  BEG  frequency  ranges  using 
a  Fourier  filter  (no  phase  shifta)  and  the  latencies  of  the  peaks  wars  measured  in  each 
of  the  4  ranges. 

In  order  to  increase  the  precision  of  measurement,  the  evoked  potentials  wars  filtered 
into  tha  standard  BEG  frequency  ranges  as  mentioned  abova.  Since  the  dominant  activity 
of  the  brein  liea  in  these  ranges,  these  characteristics  are  also  reflected  in  the 
viaual  evoked  potential.  In  order  to  avoid  tha  effects  of  eye  movements  (BOG,  blink 
reflex)  or  tha  alpha  rhythm  on  tha  VBP,  only  the  results  from  the  ranges  thata  and  beta 
are  reported.  In  both  ranges  we  found  characteristic  latency  changes  of  the  evoked 
potentials  with  tha  different  antidepressants. 

The  viaual  evoked  potentials  were  measured  before  (control)  and  under  chronic 
conditions  at  the  end  of  each  week  (constant  serum  levels) . 

Results 

In  general  the  alpha  and  beta  components  of  the  VEP  showed  good  correlations  to 
stimulus  wavelength  while  the  theta  components  did  not.  In  higher  frequency  ranges  (30- 
60  Hz)  no  definite  response  was  measurable  (no  details  given  in  this  report).  Response 
in  the  delta  range  was  likely  due  to  the  BOG  blink  reflex  with  a  latency  of  150-230  ms 
as  described  by  bowitsch  at  al  <4>. 

The  latency  changes  were  measured  in  the  beta  and  theta  ranges  (figure  3) .  Changes  in 
the  alpha  range  were  not  included  because  these  signals  were  too  variable  in 
themselves.  Generalized  and  specific  changes  of  tha  profiles  were  found  for  each 
substance  (fig.  4). 

Tranylcypromine  and  Fluvoxamlne  both  showed  a  dose  dependant,  increasing  activation 
(latency  decrease)  while  Plrlindole  and  Maprotiline  exhibited  both  activation  as  well 
aa  attenuation  in  the  visual  cortex.  Mianaerine  showed  the  least  differential  effact. 
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Colour  Channel  /  tat a  Range i 


Doa.  1 

Doa .  2 

Doa.  3 

Mean  Std 

.  Rrr , 

Mean 

Std.Brr . 

Mean  Std.Brr 

Tra  : 

-3.4  1.27 

* 

-  3.9 

1.44  * 

-  6.3  2.06  * 

Pir  i 

6.2  1.05 

ft 

6.2 

1.19  » 

7.8  1.25  * 

Fix  I 

-  1.3  1.79 

ns 

-  6.6 

1.90  * 

-15.6  1.28  * 

Mia  : 

1.9  1.29 

ns 

-  2.6 

1.32  na 

-  0.2  1.12  na 

Map  i 

-4.4  1.12 

-  5.9 

1.33  • 

-  8.5  1.88  * 

F-value : 

10.48 

12.78 

33.78 

Groups  i 

I  Fir/Tra.Flx, 
Map/Mia 

Pir /Tra, Fix, Map, 
/Mia 

Pir /Flx/Tra, Map, 
/Mia 

Luminance  Channel  /  Bata  Range i 


Dos.  1 


Doa.  2 


Doa .  3 


Mean 

Std.Err. 

Mean 

Std.l 

Err. 

Mean  Std.Err. 

Tra  : 

-10.3 

2.C4  • 

-  7.7 

2.13 

* 

-10.3 

2.01  » 

Pir  : 

-  6.8 

1.32  * 

-  9.5 

1.71 

* 

-11.4 

1.53  * 

Fix  : 

1.3 

0.77  ns 

1.5 

1.17 

ns 

-15.2 

1.40  » 

Mia  : 

1.2 

1.50  ns 

2.4 

1.32 

ns 

1.6 

1.17  ns 

Map  : 

-  3.5 

1.53  * 

-  6.9 

1.64 

* 

-  7,3 

1.80  » 

F-value 

:  11, 

.50 

12. 

28 

15. 

51 

Groupa 

:  Tra, Pir/Pir,Map, 

Pir , Tra, Map, 

Flx/Tra, 

Pir , Map, 

/Mia, Fix 

/Fix 

.Mia 

/Mia 

Contrast  Channel 

/  Beta  Range: 

Dos.  1 

Doa.  2 

Doa 

.  3 

Mean 

Std.Brr. 

Mssn 

Std.Brr. 

Mean  Std.Err. 

Tra  : 

-  7.7 

1.17  * 

-  0.8 

1.52 

« 

-  9.9 

1.68  * 

Pir  : 

0.1 

1.37  na 

-  1.4 

1.15 

ns 

-  0.4 

1.24  na 

Fix  : 

-  1.4 

1.09  na 

-  1.3 

1.15 

ns 

-10.8 

2.03  * 

Mia  : 

-  1.1 

0.90  na 

-  1.3 

1.19 

ns 

-  2.0 

1.14  na 

Map  : 

1.5 

0.87  na 

2.1 

1.21 

ns 

0.2 

0.89  na 

F-valua: 

Groups 


10.56 
Tra/Pir , Fix, 
Map , Mia 


11.38 

Tra/Flx, Pir , Mia , 
.Map 


13,48 

Fix, Tra/Pir, Mia, 
,  Map 


Colour  Channel  /  Theta  Range I 


t\  Doa.  1  Doa.  2  Doa.  3 


-  Mean 

Std.Brr. 

Mean 

Std.Brr. 

Mean 

Std.Brr. 

Tra  : 

-  4.9 

3.37  ns 

-17.1 

3.99  * 

-21.2 

4.22  ‘ 

Pir  : 

8.8 

5.18  na 

0.1 

4.49  na 

1.9 

6.31  na 

Fix  : 

2.3 

1.55  na 

-  3.7 

3.39  na 

-  4.9 

3.03  ns 

Mia  : 

13.1 

4.12  * 

11.7 

2.02  * 

18.7 

3.05  • 

Map  : 

4.6 

4.02  na 

8.4 

4.97  ns 

7.3 

3.17  * 

F-value: 

3. 

14 

8. 

42 

12.78 

Groupa  :  Mia/Pir.SIap,  Mia , Map,  Pir/Map,  Mia , Map/Map,  Pir, 

Flx.Tra  Flx,Pir/Tra  Flx/Tra 


Luninance  Chennai  /  Theta  Range t 

Doa .  1  Doa .  2  Doa .  3 


Mean 

Std.Err. 

Mean 

Std.Err. 

Mean 

Std.Brr. 

Tra  : 

-7,1 

2.06  * 

-11.8 

3.67  * 

-15.3 

2.71  * 

Pir  : 

-  3.1 

2.34  ns 

-13.1 

2.41  * 

-10.3 

3.45  * 

Fix  : 

-  4 . 9 

3.49  ns 

3.7 

3.97  na 

4.8 

3.65  na 

Mia  : 

-14.1 

5.98  * 

-11.7 

3.80  * 

-16.1 

3.35  * 

Map  : 

1.7 

5.87  na 

-  0.4 

4.58  na 

8.9 

3.63  * 

F-value: 

1.81 

4.27 

11 

.97 

Groups  : 

! 

Pir , Tra, 

Mia, Map, 

Ml a, Tra/Pir /Fix, 

/Map, Fix  Map 


Figure  3.  The  a££aota  o £  antidepressant  drugs  on  the  viaual  evoked  potential, 
changea  before  and  after  drug  adniniatration  in  the  beta-  and  theta-ranges  of 
The  atatiatioal  evaluation  coneiata  of  tha  t-teat,  One-Way-ANOVA  and  the 
Neumann-Keul a-Procedure . 

Mean:  Mean  latency  changea  in  ms  of  all  latencies  of  the  VEP. 

std.Err:  Standard  Error  (Standard  deviation  of  the  mean) 

*:  significant  p<0.05 

na:  not  significant 


Latency 
the  BEG. 
Student- 
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•tatisttoal  Analyst* 

In  order  to  show  the  changes  in  vlaual  evoked  potantial,  all  peaks  or  components  ot 
thl*  train  wav*  Mart  analysed  aeeordlng  to  lataney  changes.  The  latanoiaa  wars  much 
more  dapandabla  than  tha  amplitude  changaa.  Tha  raaulta  of  tha  studies  Mara  alao 
avaragad  according  to  thair  own  condition!  and  tha  doaa  raaponaa  curva  waa  formed.  Tha 
data  Mara  than  further  compressed,  computing  the  mean  qualitative  latency  change 
(  t  ->  agn(  t)  )  for  each  aubayatem.  Thia  method  allova  a  clear  qualitative 
dif f arantiation  of  tha  single  components  of  tha  VEP  according  to  latency  and  atimulus 
condition.  Tha  last  stags  of  tha  analyaia  conaiata  of  forming  tha  arithmetic  means  ot 
the  activation/attenuation-coef f icienta  of  each  subsystem  giving  the  total  attenuation 
and  activation  coefficients.  The  qualitative  latenoy  changes  Mare  used  as  input 
variables  for  faotor  analysis.  This  is  a  method  Nhich  forma  mathematical  hypothaaea 
about  a  given  sat  of  data.  If  there  are  n  variables  measured  with  m  persons,  the  result 
is  an  m  x  n  date-matrix.  Using  thia  matrix,  ms  can  calculate  all  correlation- 
coafficlenta  between  two  variablaa  to  get  a  symmetrical  correlation-matrix.  There  may 
be  some  variables  Mhich  show  a  high  degree  ot  correlation.  Ke  presume  that  they  are 
interdependent  or  that  there  is  another  variable  in  the  background,  not  directly 
meaaureable,  which  ia  raaponaibla  for  tha  values  of  these  variables.  The  factor- 
analysis  modal  makes  the  last  assumption,  i.a.  it  tries  to  find  those  hypothetical 
variables  ,  so-called  "factors”,  which  are  able  to  reproduce  the  observed  correlations 
in  combination  with  a  rule  of  calculation  .  The  matrix  A  ia  tha  Factor-Matrix;  its 
elements  a  are  called  Factor-Loadings.  In  tha  case  of  orthogonal  factors  ,  their 
values  lie  between  -1  and  >1.  Every  factor  is  characterized  by  an  A-column.  A  factor  is 
called  general  factor  if  all  loadings  are  mainly  different  from  0;  it  then  represents 
all  variables.  In  the  case  of  two  or  more  loadings,  we  speak  of  common  factors.  In  our 
caaa,  thraa  factors  ware  extracted  and  each  variable  (tha  mode  of  action  of  each  drug 
dosage  on  tha  CN8  )  was  charactarisad  by  a  point  (local-vector)  in  tho  three 
dimensional  factor-spaca.  Tha  length  of  thia  variabla-voctor  in  tha  common  factor-space 
is  identical  with  tha  tha  aquara  root  of  the  eommur.ality .  The  communality  represents 
that  part  of  tha  variance  of  one  variable  which  ia  explained  by  tha  common-factors. 
The  angle  s  between  two  variable-vectors  in  the  common  factor-space  ia  a  measure  of  tha 
correlation  batwaan  two  variablaa  .  The  factor  extraction  leads  to  a  factor-model  which 
is  in  most  cases  not  intarpretable.  It  is  strongly  Influenced  by  Introducing  new 
variables  and  changes  from  sample  to  sample.  There  are  many  positions  of  the 
coordinate-axes  which  reproduce  the  correlation-matrix.  Tha  task  of  rotation  is  to 
bring  many  of  the  variable-vactora  near  tha  coordinate-axes  in  order  to  get  a  so- 
called  "simple-structure"  which  ia  in  most  cases  easier  to  interpret. 

Tha  interpretation  of  tha  factors  (coordinate-axes)  is  not  an  easy  task  because  the 
meaning  of  the  axes  is  not  given  but  results  from  the  structure  of  the  data  material. 

In  our  case,  drugs  charactariaed  by  a  differantial  mode  of  action  were  found  naar  the 
plana  defined  by  factors  onw  and  two  (Pir .Kia.Map) .  Those  mainly  active  in  the  beta- 
range  of  the  SEO  are  on  the  left  and  those  mainly  active  in  the  theta-range  on  the 
right  side  of  the  plana.  The  tendency  towards  activation  (Tra , Flx3 , CAB-997 )  or  towards 
attenuation  (Clo.Flxl)  is  determined  by  the  distance  of  the  drugs  from  this  plane.  This 
model  is  a  first  trial  at  classification  of  drugs  by  their  mode  of  action  on  the  cns. 

Discussion  and  Conclusions 

Specific  profiles  of  the  efficacy  of  the  action  of  different  antidepressants  in  the  CNS 
were  found  using  the  visual  evoked  potential.  The  clinically  well  established 
antidepressants  showed  both  attenuation  and  activation  properties.  Mianserine  and 
Maprotlllne  showed  a  stable  profile  of  activation  and  attenuation  as  did  the  newer  drug 
Pirllndole.  This  latter  drug  shows  no  anticholinergic  activity,  normal  sleep  profiles, 
little  influence  on  psychometric  parameters  at  this  dosage,  an  increase  in  the  alpha 
activity  and  a  decrease  in  the  other  ranges  of  the  EEO.  All  these  data  tend  to  show  an 
attenuation  of  tha  CNS  combined  with  a  simultaneous  activation.  Tranylcypromine  on  the 
other  hand,  which  ia  now  recommended  in  atypical  depressions  characterized  by 
hypersomnolence,  weight  gain  and  retardation,  showed  a  strong  activation  but  a  weak 
attenuation.  The  effect  on  tha  EEO  is  known  to  be  thymoleptic  in  the  acute  phase  with  a 
peak  around  5  hours  -  i.e.  a  decrease  of  alpha  activity  and  an  increase  of  beta  and 
theta  activity.  Our  results  in  the  beta  range  of  the  evoked  potential  show  a  definite 
effect  still  after  on*  or  two  weeks.  This  effect  correlates  well  with  tha  EEC  effects. 
Both  may  be  interpreted  as  a  general  activation  of  the  CNS.  Fluvoxamine  in  a  higher 
dosage  of  ISO  mg/dle  caused  shortenings  of  the  VEP  latencies  comparable  to 
Tranylcypromine  (see  also  <10, U>).  This  may  correlate  with  sleep  disturbances  as  has 
been  reported  by  Berger  et  al  <11>.  This  also  led  to  drowsiness  during  our  experiments. 
Our  results  with  Pirllndole  (figs.  5  k  6)  show  a  latency  decrease  of  several  components 
already  at  a  dosage  of  75  mg/die  especially  in  the  beta  and  theta  ranges  of  the 
brightness  channel.  On  the  other  hand,  Pirllndole  causes  a  latency  increase  in  the  beta 
rang*  for  the  colour  channel.  Me  were  not  able  to  meaaure  any  effect  of  the  checker¬ 
board  reversal  stimuli.  This  result  reminds  us  of  that  of  Berdjes  and  Damisch  <8>  for 
flash  stimuli.  In  other  words  flash  stimuli  and  colour  change  show  a  similar  effect 
with  Pirllndole  while  the  brightness  channel  showed  opposite  effects.  This  contrary 
effect  of  Pirllndole  in  the  colour  channel  and  the  brightness  channel  in  the  beta  range 
of  the  visual  system  is,  however,  a  specific  characteristic  of  Pirllndole.  Mianserin* 
showed  a  similar  effect  in  the  theta  range  as  did  Maprotiline  in  a  weaker  form. 
Pirllndole  shows  a  profile  in  the  middle  rang*  both  for  activation  and  attenuation.  The 
question  remains  open  whether  the  latency  increases  measured  in  the  bet*  range  with 
Pirllndole  show  a  correlation  to  the  antidepressant  activity  of  the  substance.  A 
comparison  to  the  EEO  studies  with  Pirllndole  shows  a  shift  to  the  alpha  range 
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(incraaaa  of  powar)  and  a  corraapondina  daernaaa  in  tha  dalta,  J thata  and  haPa  rangaa 
<13>.  Thia  ia  an  indication  for  an  attanuation  in  tha  CNS.  Whathar  thin 
a<«aot  iuat  in  tha  viaual  cortax  or  whathar  thia  affact  ia  valid  for  tha  whola  CNS 
SSnSot  bi  S«idld  upSn  ii?h  th.  pra.ant  data.  A  loo.li.ation  atudy  would  b.  nacaary 
for  thia. 
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theta  ranges.  See  fig. 


of  total  latency  changes  in  ms  of  all  components  in  the  beta  and 
3  for  data.  Other  channels  did  not  show  any  significant  changes. 
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The  visual  evoked  potential  shows  an  activity  profile  of  the  effect  of 
antidepressants  in  the  CNS .  This  differential  effect  of  attenuation  and 
activation  in  the  visual  cortex  seems  to  be  reasonable  for  the  characterization 
of  the  effects  of  antidepressants  on  the  central  nervous  system.  This  expresses 
itself  as  an  activation  and  an  attenuation  of  various  components  of  the  evoked 
potentials.  In  the  present  stage  of  research  the  activation  and  attenuation 
coeffients  {fig. 6)  have  the  greatest  relevance.  Different  effects  of  these  drugs 
on  the  frequency  ranges  analysed  are  an  indication  of  the  effects  of  the 
underlying  mechanisms  producing  the  evoked  response  in  the  bets-  and  theta- 
ranges.  The  coefficient  of  activation  for  the  antidepressants  may  correspond  to 
the  elevation  of  mood  and  the  attenutaion  coefficient  to  the  anxiolysis.  With 
the  help  of  these  profiles  the  effects  of  the  antidepressants  and  other  drugs 
(compare  Johnson  et  al  in  this  book)  in  the  central  nervous  system  may  be 
quantifiable  with  evoked  potential  recordings. 
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KRIEBEL,  GE:  You  offered  us  a  very  impressive  amount  of  data.  The  clinician  eight  wonder  which  of  the 
data  will  be  useful;  e.g.,  In  choosing  the  right  antidepressant  drug  for  the  different  kinds  of  daprea- 
•ion.  What  will  the  equivalent  dosage  be  to  make  these  drugs  comparable?  1  was  astonished  to  see  the 
different  results  that  were  obtained  for  Mianserin  and  Meprotlline.  These  belong  to  the  tetracyclic  group 
of  antidepressants  and  are  used  by  clinicians  for  the  same  kinds  of  depression  in  patients.  So  ny  second 
question  relates  to  whether  you  measured  widespread  reactions  on  the  cortex  as  being  related  with  side 
effects,  or  did  you  measure  correlations  with  the  antidepressant  effect  of  the  drug?  For  example,  an 
antidepressant  drug  does  something  entirely  different  during  the  first  week  of  application  than  in  the 
third  week.  Can  you  tall  me  something  about  the  antidepressant  profile? 

JOHNSON,  GE:  The  antidepressant  ptofile  la  a  matter  of  speculation  right  now*  We’ve  just  measured 
effects  in  tha  brain  and  the  only  way  we  can  compare  these  effects  to  the  antidepressant  effects  is,  of 
course.  In  patients*  We  did  this  work  on  healthy  subjects,  and  they  don’t  necessarily  respond  in  the  same 
manner  as  patients.  However,  our  results  with  Tranylcypromine,  especially  at  higher  dosages,  suggests 
that  the  correlation  would  be  to  the  antidepressant  activity.  Your  first  question  relates  to  the  general 
effects  in  the  brain.  We  measured  it  primarily  in  the  laual  cortex  because  we  were  studying  the  visual 
evoked  potential.  The  subjective  reports  that  we  received;  e.g.,  sedation  and  activation  in  the  psycho¬ 
logical  sense,  correlated  quite  well  with  the  brain  effects.  For  example,  in  the  case  of  Fluvoxamlne,  the 
subjects  ware  so  highly  activated  at  the  highest  dosages  that  they  vomitted  and  had  trouble  sleeping.  At 
the  lower  dosages,  they  didn’t  complain  at  all.  This  may  indicate  that  we  are  measuring  the  total  effects 
of  the  CNS;  more  specifically ,  maybe  the  antidepressant  effects. 

OFPENLOCH,  GE i  The  mein  objective  of  this  study  was  to  show  that  ’’elaborate”  message*  also  applied  to  the 
evoked  potentials.  You  can  differentiate  among  paychoactive  drugs  in  a  way  which  previously  could  only  be 
done  from  spectral  analysis  of  the  normal  EEC.  Thia  can  now  also  be  done  for  the  evoked  potential.  For  a 
strategy  for  the  proper  treatment  of  psychiatric  patients,  whatever  their  diagnosis,  we  would  suggart  tha 
following  procedure:  First,  analyze  changes  in  ELG  parameters  in  psychiatric  patients  before  treatment  in 
a  manner  similar  to  the  method  of  Dr.  Roy  John.  Ten  yeare  ago,  we  would  have  said  that  this  was  impos¬ 
sible;  now  we  know  it  can  be  done.  Also,  the  evoked  potentials  should  be  analysed  in  all  of  their  sensory 
channels.  From  the  results,  ora  can  see  which  physiological  or  pathophysiological  paramaters  have 
changed,  and  then  apply  our  therapy  to  find  the  optimal  dosage  for  the  treatment. 

JOHNSON,  GE:  Tor  a  given  dosage  of  the  newer  generation  of  antidepressant  drugs,  we  gat  a  vary  stable 
profile  of  activity.  This  means  that  for  those  drugs  that  have  a  wide  spectrum  of  doaege,  we  can  pinpoint 
tha  profl’e;  similarly,  for  drugs  having  maximal  dosage. 
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Summary 

In  a  aarias  of  experiments  with  30  healthy,  subjects  par  substance ,  the  influences  of  a 
new  nootropic  drug  and  three  cardiovascular  agant*  on  the  CNS  ware  measured  and  placebo 
controlled.  The  ESG  and  visual  cortical  avokad  potentials  were  recorded  from  electrode 
position  "Oi"  between  Oi  and  Oi  according  to  the  10-30  system.  Three  channels  of  the 
visual  system  were  selectively  stimulated  (contrast,  brightness  and  colour  using 
checkerboard,  flash  and  colour  change). 

Acute  end  chronic  studies  are  reported.  Each  VSP  was  filtered  into  the  standard  EEG- 
frsquency  ranges.  Latency  changes  of  the  EP  were  evaluated  in  each  range  and  analysed 
with  the  Fourier  technique. 

Both  cardiovascular  substances  (an  anti-hypertonic  and  a  bradycardlc  agent)  caused  a 
significant  latency  increase  (P  <  1%)  of  bate-components  with  apparent  latencies  of  80- 
100  ms.  This  attenuation  was  shown  in  the  contrast  and  even  stronger  in  the  colour 
channel  of  the  visual  system.  The  results  indicate  a  two-component  effect,  l.e  on  the 
central  narvoua  end  the  cardiovascular  systems. 

For  the  nootropic  substance,  a  significant  latency  decrease  (P  <  1*  )  was  found  for  three 
components  of  the  visual  evoked  potential  in  the  theta-range.  Their  latencies  are  from 
170-360  mu.  This  activation  of  the  CHS  only  occurred  under  acute  conditions  in  the  colour 
channel.  The  results  of  the  BEG  analysis  are  compared  to  the  EP  results. 

General lied  changes  for  groups  of  substances  and  highly  specific  profiles  of  activity  for 
individual  substances  may  be  measured  using  this  set  of  stimulus  and  analysis  techniques. 
Activation  and  attenuation  of  activity  for  one  and  the  same  substance  also  ware  measured 
indicating  multiple  modes  of  action.  This  may  reflect  cognitive  processes  and  sensomotor 
activity. 

Introduction 

The  measurement  of  the  electrical  activity  of  the  centre)  nervous  system  in  man  and  the 
affects  of  external  factors  such  as  drugs  end  sensory  inputs  on  this  activity  have  often 
bean  investigated  with  the  help  of  electroencephelogrsphic  ( ebg )  data  (e.g.pharmaco-KEO) 
end  cortical  evoked  potentials  to  aansory  stimuli.  Changes  in  the  frequency  spectrum  ware 
monitored  and  important  information  about  the  effects  on  the  spontaneous  and  evoked 
activity  ir.  the  CNS  were  obtained.  For  the  EBG,  the  electrical  activity  is  normally 
cantered  around  tha  dominant  frequency  ranges  of 

3  Hs  (delta  range  1-  4  Hz), 

5  Hs  (theta  range  4-  8  Hz), 

10  Hz  (alpha  range  8-13  Hz)  and 
33  Hz  (bets  range  14-30  Hz) . 

The  BEG  is  in  general  analysed  in  these  frequency  domains  (Power  Spectrum)  but  the 
cortical  avokad  potentials  (BP)  in  the  time  domain.  In  this  study  we  have  combined  both 
approaches  as  they  provide  complementary  information  <1>.  During  stimulation,  certain 
frequency  ranges  were  stabilised  and  time  locked  to  the  stimulus  <3>.  These  dynamics  were 
investigated  by  Spekreljse  end  Regan  in  the  1970s  <3,4>.  They  classified  steady-state 
avokad  potentials  into  three  frequency  ranges: 

1)  a  high  frequency  range  140-60  Hz), 

3)  a  medium  frequency  range  (14-30  Hz)  and 
3)  a  low  frequency  subsystem  (  9-13  Hz) . 

Theee  authors  found  s  strong  eolour  dependency  in  the  medium  frequency  VEP-components  but 
lass  so  in  the  low  or  high  frequency  components.  Our  own  prsliminary  investigations 
supported  these  results  <6>. 

Transient  evoked  potentials  are  also  part  of  the  electrical  activity  of  the  CNS  and 
reflect  information  processing  from  cortical  and  subcortical  levels  (e.g. awareness, 
perception,  etc.).  Since  contrast  and  colour  vision  ere  the  results  of  information 
processing  in  the  cortex,  evoked  potentials  are  useful  tor  studying  contrast  and  colour 
coding  in  the  brsln.  From  the  literature  end  previous  studies  in  our  laboratory  we  know 
that  evoked  potentiale  are  also  a  sensitive  measure  of  the  affects  of  drugs  on  the  CNS. 
Some  components  of  the  visual  evoked  potential  (s.g.  Pin)  are  closely  correlated  with 
cognitive  functions.  Using  a  digital  frequency  analyser,  we  divided  the  transient  EF  into 
various  frequency  ranges  to  investigate  the  different  components  of  the  visual  evoked 
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potential.  This  procadura  resulted  in  stabilised  wave  forma  and  latencies  and  increased 
tha  praciaion  of  maaauramant.  Tha  af facta  of  a  nootropic  aubatanca  (Tanllaatom* ,  CAS 
$97,  Caaaalla  AO,  Frankfurt)  on  tha  ayatam  tranafar  function  of  tha  colour  luminanca  and 
contract  channala  of  tha  vlaual  ayatam  were  measured  with  the  vlaual  evoked  potential 
data  while  considering  their  frequency  dynamics. 

It  has  been  known  for  many  years  that  Digoxin  in  high  doses  causes  a  deterioration  of 
yellow  colour  vision.  This  was  proven  by  the  use  of  the  Farnaworth-Munaall-100-Hua-Taat 
<6>.  In  a  pilot  atudy  <5>  we  maaaurad  tha  effects  of  cardiac  glycoaides  on  the  visual 
system  of  man  with  cortical  avokad  potentiala.  We  measured  tha  affect  of  B-acetyldigoxin 
(Novodigal* ,  Beiersdorf,  Hambura)  on  the  visual  system  after  two  weeks.  Under  aubchronic 
conditions  (plasma  levels  of  digoxin  1.0-1. 9  ng/ml  ),  we  compared  the  affects  of  this 
drug  on  tha  VSP  and  colour  vision  (days  15-19) . 

In  a  comparison  of  the  ef facta  of  two  further  cardiovascular  agents  on  tha  CNS,  the 
effects  of  tha  well  known  Clonidina  and  iti  N-Allyl-derivativfc  Alinidine,  a  new  specific 
bradycardic  agent  whose  site  of  action  is  the  sino-auricular  node,  were  tested  with  20 
healthy  subjects.  From  previous  studies  it  is  known  that  Clonidina  has  the  following 
effects  on  the  CNS: 

1)  tiredness,  peaking  around  2-4  h 

2)  dry  mouth 

3)  reduction  of  CNV-amplituda 

4)  increase  of  reaction  times 

5)  reduction  in  amount  of  paradoxical  sleep 
(REM-Phaae) 

6)  aleep-EBG  reduction  in  alpha  level  and  an 
increase  in  tha  delta  level. 

As  a  whole,  these  reactions  may  be  summarised  as  attenuation  of  activity  in  tha  CNS 
accompanied  by  an  increase  in  tha  level  of  synchronisation  of  the  EEC.  There  has  bean 
very  little  indication  in  tha  literature  that  Alinidine  may  have  a  specific  effect  on  the 
central  nervous  system.  In  1977  Stockhaua  <7>  reported  an  analgetic  and  a  alight  central 
depressive  affect.  Tha  present  study  was  undertaken  to  test  the  significance  of  the 
affects  of  Clonidina  and  Alinidine  on  the  CNS. 

Methods 

Normal  healthy  subjects  (35  male.  34  female,  20-50  years  average  age  28.3  years)  took 
part  in  these  studies.  Ail  gave  their  informed  consent  in  writing.  Additional  medication 
was  not  allowed.  Before  testing  they  were  examined  with  a  standard  medical  chack-up 
including  ESC,  clinical  biochemical  blood  teats,  circulatory  parameters  (blood  pressure, 
pulse  rate,  ECG)  and  colour  vision  (Farnsworth-Mnnsell  and  Ishihara) .  The  study  design 
was  double  blind,  in  part  placebo  controlled,  cross-over,  intraindividual  comparisons. 
Tha  colour,  luminance  and  contrast  channels  of  the  visual  system  ware  studied  using  a 
full  field  (Ganzfeldl  blua/red  end  black/white  reversal  for  the  firat  two  channels  and 
checker-board  reversal  stimuli  tor  the  third  channel.  The  subjects  wore  a  colour  neutral, 
homogenous  mask  for  the  first  two  parameters  in  order  to  avoid  contrast  effects  and  this 
mask  was  removed  tor  the  third  parameter.  The  subjects  sat  upright,  with  their  head 
supported  comfortably,  2  inetara  in  front  of  a  standard  TV  screen  (Nordmende  SK2,  line 
frequency  of  1562b  hz,  625  lines,  diagonal  of  the  ecraen  67  cm)  equipped  with  a 
Videocolor  (Hamburg)  tube  (A67  615k).  The  phosphors  had  spectral  maxima  at  450  ±  61.5, 

540  ±78.2  and  625  ±  20.5  nui  ±  half-band  widtha.  The  intensity  of  each  phosphor  wee 

controllable  individually  and  was  set  for  the  colour  red  to  1.2X10-°,  for  blue  and 
checker-board  to  0.6  and  1  or  white  to  2.1X10-*  A  (average  1 . 2x10" “  for  full  screen)  and 
were  measured  with  a  calibrated  photocell  (PIN  10  D,  United  Detector  Technology,  USA)  and 
a  nanoampernmeter  (Knick,  Berlin,  Model  N23) .  The  specific  luminance  of  the  red  reference 
was  0.3  W/cm>  .  The  entire  field  of  view  without  the  mask  was  12»X8°  visual  angle.  160 
repetitions  of  the  stimuli  were  used  for  each  condition.  The  interval  between  the  stimuli 
was  2.7  «.  for  further  detaiLs  see  Johnson  and  Wyrobnik  <1>. 

The  EEG  was  routinely  recorded  from  the  electrode  position  "0»",  between  Oi  and  0« 
according  to  the  international  10-20  system,  and  the  left  ear  was  used  as  reference 
electrode  The  recording  equipment  constiated  of  sil ver-eilver-chloride  cup  electrodes 
filled  with  a  conducting  paste,  connected  to  BEG  amplifiers  (Hellige  EE)  which  had  an 

input  inpedancs  of  10  mO  (parallea'l  to  1  pF)  .  The  output  impedance  of  this  system  was 

less  than  10  Q.  The  frequency  range  was  routinely  from  1000  Hz  (-3  dB)  to  1  Hz.  After 
amplification,  the  signal  wan  atored  on  s  magnetic  tape  (recorder  Ampex  FR  1300).  The 
standard  spaed  ot  recording  wan  4.7b  c m/a  with  the  characteristica : 

Frequency  range  u  62b  Hz 

UJ gnal/noise  ratio  (KMS)  40  dB 

Harmonic  distortion  <  2k 

Impedance  -  input  >  20  kU 

-  output  3  k U 

The  entire  aystem  was  calibrated  using  a  50  uV  (  ±  1*  )  square  wave  signal  at  the  EEG 

input.  The  EEG  was  monitored  with  a  tour  channel  oscilloscope  and  elimination  of 

artifacts  took  place  visually.  The  EEG  was  digitized  with  a  sample  frequency  of  512  Hx. 
and  was  stored  on  floppy  discs  after  averaging.  Later  the  EP  was  subdivided  into  the 
standard  frequency  ranges  mentioned  above  using  a  Fourier-f liter  technique  (no  phase 
shifts)  and  the  latencies  ot  the  peaks  wart  measured  in  each  range.  When  necessary  vision 
was  corractsd  to  0.1  Dpt. 

To  Introduce  nootropic  and  cardiovascular  drugs  into  the  factor-analysis  model  of  tha 
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five  antidepressants  (foi  details  cowpare  Frauendort . Johnson, Dewiaoh  in  thta  book),  tha 
weighted  arithaetia  naans  of  of  all  qualitative  latency  lncraaaa*  and  daeraaaaa  wars 
nonputad  to  gat  coefficients  of  aotlvatlon  (latency  decrease)  and  attanuetlen  (latency 
lncraaaa).  They  war a  uaad  as  Input  variables  for  faotor  analysis.  Tha  llganvaluaa  Mara 
calculated  and  thraa  factors  extracted,  We  parfornad  a  Variaax-rotaWion  of  thssa  factors. 
In  tha  casas  of  tha  drugs  studlad,  tha  rotated  structure  showed  a  high  stability  against 
introduction  of  now  drugs.  This  technique  scans  wall  suited  as  a  naans  of  classification 
of  the  affects  of  drugs  on  tha  CNS. 

Results 

In  g«naral  tha  alpha-  and  bota-eoaponents  of  the  VRP  showed  good  correlations  to  stinulus 
wavalangths.  On  tha  other  hand,  tha  theta-ooaponenta  showed  little  correlation.  In  higher 
frequency  ranges  (30-60  hs)  no  dafinita  response  was  naaaurabla  (no  details  given  in  this 
report).  Tha  response  in  tha  delta-range  of  the  VIP  was  likely  dua  to  tha  100-bllnk- 
raflux  having  a  latanoy  in  the  range  of  160-360  ns  aa  described  by  Lowitssch  at  al  <•>. 

Tha  affects  of  tha  Nootropic  Drug  Tanllaatan  on  tha  CXI 

In  figure  1,  a  typical  evoked  potantial  is  shown  and  eosparad  to  tha  control  value.  In 
this  case  as  in  tha  following  tha  latencies  in  the  studies  wars  shown  to  be  such  sore 
reliable  than  asplitude  changes. 


0  500m* 


Figure  1.  irpical  recordings  before  (ISO)  and  after  (BP)  stlwulstion  with  colour  change 
trow  blue  to  rad.  Upper  curve  filtered  in  theta-range  and  lower  curve  filtered  in  tha 
beta-rsngo . 
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Tenilsetea  (ISO  sig/die)  only  caused  an  effect  undar  acuta  condition*  ( f igure  2).  All 
1  ;  ehraa  component*  ot  the  evoked  raaponaa  in  the  thata-ranga  (Pit*,  Ntti  and  Putt  )  vara 

!  dacraaaad  in  latanoy  (up  to  10  m*>  aignif ioantly  (p  <  0.01).  Thia  effect  la  presumably 

I  eauaad  by  an  activation  of  the  CNS  by  Tanilaataa.  It  wee  only  found  in  the  colour  channel 

f  of  the  vlaual  ayataa  and  no  aignlfieant  affect  could  be  measured  either  undar  placebo  nor 

!  varum  for  both  chronic  (1  week)  and  rebound  (after  1  week)  conditiona.  Tanilaataa  had 

|  no  affecta  on  phyaiological  parameter*  like  hlood  preaaure,  heart  rat*  end  multiple  blood 

I  factor*  (SOFT,  SOOT,  OOT,  AP,  glu,  bilirubin,  creatine,  albumin,  hematocrit,  SSR,  urea, 

[  total  protein,  hemoglobin,  triglyceride*,  glyooaidea,  erythrocyte*.  T3,  T4  and  FT4) .  No 

;  subjective  aide-effects  were  found  either.  Thia  aubatance,  therefore,  showed  no 

I  measurable  effect  on  the  circulatory,  blood  or  phyaiological  parameters  measured. 

;  j  The  atatitic*  of  the  result*  for  the  colour  change  blue/red  are  ahown  in  figure  3.  The 

1  |  latency  reductions  of  the  peak*  Put,  Ntti  and  Pm  may  be  classified  as  an  activation  in 

j  the  visual  cortex.  The  latencies  of  the  peek*  which  are  affected  lie  in  a  time  rang* 

,  which  1*  known  from  the  literature  to  show  a  <.„oae  correlation  to  concentration  and 

perception.  The  third  peak  (Pm)  correspond*  in  the  unfilterad  data  to  the  wall  known 
!  peak  Pi  to  from  the  literature. 


Figure  2.  The  effect  of  Tenilsetam  on  the  VEP  in  I  he  Theta-range.  Average  latency  changes 
express ea  it  t-vtine  under  acute  (A),  chronic  It/  nil d  rebound  (K)  conditione.  The  results 
are  expressed  for  the  peaks  Put.  Ni  <  i  end  Putt.  Comparison  of  varum  to  placebo 
conditions ■ 

.he  effect  of  Tenilsetam  on  the  CNS  ia,  hotfever,  decreased  under  chronic  conditions 
(after  1  week) .  Neither  under  chronic  conditions  nor  i  week  after  medication  were  there 
any  signifies  ,t  change*  in  the  visual  cortex.  Pin c»bo  did  not  show  any  effect  under  these 
conditions  either.  Since  it  is  known  from  the  liigt  study  thst  an  additional  dosage  under 
chronic  cond.'lon*  did  not  show  any  further  effect  gh  the  visual  cortex  (in  agreement 
with  saletu  it  tl.  <9>l  the  additional  dosage  was  avoided  at  this  stage.  Under  these 
conditions  Te..  isetam  showed  no  effect  on  the  brightness  channel  of  the  visual  system  and 
is  therefore  not  dealt  with  in  detail.  This  finding  agrees  with  our  experience  that  in 
general  this  type  of  stimulation  -  colour  change  -  is  more  sensitive  for  measuring 
changes  in  the  visual  system  than  brightness  changes. 

The  Effect*  ot  Cardioviacular  Drugs  on  the  CNS 

Effects  ot  Digitslis  <b> 

X n  a  pilot  study  from  1386,  after  subjects  took  Digitalis  for  two  weeka ,  the  subjective 
Karneworth-Munseix  colour  test  showed  no  significant  increase  in  the  number  of  errors, 
both  of  which  lie  in  the  normal  range  (compare  also  <6>l,  but  the  latency  of  one 
component  of  the  VEP  was  sicniticantl’’  ncreased  »«,  P  <  0.01)  at  this  low 
dosage  (  at  3.9  ug/m.i  but  not  slqniti c„..,.lY  at  l.u  ng/ml)  .  Thia  was  the  first  indication 
for  a  doae-dependency  of  the  effect  ot  Digitalis  on  the  visual  evoked  potential.  This 
indicated  that  the  VEP  method  ia  more  sensitive  than  the  subjective  farneworth-Muneell- 
100-Hue-Test .  This  pilot  study  was  the  basis  for  the  following  studies  with 
cardiovascular  drugr  which  hsve  effects  in  the  CNS  as  well. 
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Figure  3.  Histogram  of  latency  changes  in  the  visual  evoked  potential  after  ingesting 
Clonidine  and  Alinidine  at  time  0  h.  Comparison  of  the  effects  on  the  colour  and  contrast 
channels  using  colour  change  (col)  and  checkerboard  (cb)  stimuli.  Latency  changes  of  the 
component  Pi  o.  .  Clonjdlne/Allnldlne 


0  0,4  8  a  4  7 


m  CIO  lys 


_  rim  after  application  I  h  1 

E Z2  Cl°  E 33  w  iYi 


r71  «  dia 


Figure  4.  Histograms  of  the  changes  in  blood  pressure  and  pulse  rate  after  taking 
Clonidine  and  Alinidine  at  time  0  h.  Comparison  of  the  effects  on  the  systolic  (ays)  and 
diastolic  (dia)  pressure#. 


Iffeota  of  Clonidina  and  Xlinidina 


Both  of  thaa*  druga  ahowed  a  atrong  affaot  on  tha  VIP  eoaponant  Pi*«  undar  acuta 
condition!  (0. 4-4.0  h.  poat.appl.)  in  tha  bata-rangar  of  tha  BIO  aftar  colour  change  and  a 
more  Moderate  affaot  undar  contraat  conditiona.  In  conparlaon  to  placebo,  the  latenoy  of 
thia  peak  ia  tha  beat  indicator  for  the  time  couraa  of  tha  effect  of  the  two  druga 
(figure  3)  in  tha  CNS.  The  affect  of  Clonidina  we*  monophaaic  with  a  maximum  about  2  h 
and  of  Xlinidine  waa  blphaaic  at  3  h.  and  4  h.  Thair  affecta  on  heart  rata  and  blood 
praaaura  nay  ba  aaan  in  figure  4. 

Undar  pure  chronic  conditiona  there  ware  alao  aignificant  dacraaaea  in  tha  blood  praaaura 
and  heart  rata,  but  no  affect  on  tha  CNS  waa  naaaurabla  (nay  not  be  aaan  in  thia  figure) . 
Thia  nay  ba  due  to  adequate  buffering  of  tha  brain.  Xn  additional  affaot  of  the  druga 
undar  chronic  conditiona  waa  alao  ahown  3-4  h.poat.appl. 

Tha  affect  of  Xlinidina  on  tha  viaual  cortex  ia  lexa  pronounced  than  that  of  Clonidina 
for  colour  changea  and  ohacker-board  etinuli.  The  affecta  of  Xlinidine  under  acute  and 
ataady-atata  conditiona  are  alailar.  Undar  no  atinulua  conditiona  nor  at  any  point  in 
tina  waa  a  aignificant  affect  of  placebo  naaaurabla.  Thia  appllea  both  to  contraat  and 
colour  viaion  aa  wall.  *.  alight  difference  between  mala  and  female  aubjacta  may  be 
attributed  to  different  aarun  lavela  due  to  body  weight. 
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Figure  B.  Trial  claaaif ication  of  all  druga  atudied  by  the  uae  of  f actor-analyaia . 
Diaouaalon  and  Conolualona 

We  found  apeclfic  profile*  of  activity  in  tha  CNS  for  each  aubatanca  taatad  with  the 
viaual  evoked  potential.  Por  tha  nootropic  aubatanca  Tenilaetam.  tha  atrong  latency 
decreaaa  correaponda  to  the  expected  activation  of  the  CNS.  X  aubjective  effect  at  thia 
doaaga  ia  not  known.  In  tha  caaa  of  tha  cardiovaacular  druga.  Digitalia  ahowad  a 
aignificant  incraaaa  in  latency  of  one  component  and  the  druga  Clonidina  and  Xlinidina  an 
incraaaa  in  the  latenciea  of  aeveral  component!.  Thia  indicataa  an  attenuation  in  tha  CNS 
in  the  firat  4  houra  poat-appl.  No  chronic  effacta  ware  Been.  Thaae  correlate  wall  with 
tha  aubjective  affecta  in  our  aubjecta  and  the  known  central  effacta. 

Por  Tenilaetam,  tha  augmentation  in  tha  acuta  phaaa  1  hour  after  taking  the  aubatanca  ia 
ahown  primarily  in  tha  colour  channel  of  the  viaual  ayatem  and  after  1  week  of  intake  the 
effect  ia  not  aignificant  any  more.  One  week  after  tha  laat  tablet,  the  effect  of  tha 
aubatanca  ia  no  longer  naaaurabla.  X  comparlaon  of  tha  affecta  of  Tenilaetam  on  the  Eia 
<9>  ehowe  a  correlation  to  our  raaulta.  Both  atudiea  apeak  for  an  incraaae  in  vigilance, 
attention,  concentration  ability,  i.a.  aa  a  whole  for  an  improvment  in  cognitive 
function* .  our  raaulta  ahow  a  latency  decreaaa  for  3  component*  of  the  viaual  evoked 
potential*  aftar  taking  ISO  mg  Tenilaetam  in  tha  theta-range  of  the  colour  ayatem.  In 
other  range*  of  the  BIG ,  on  tha  other  hand,  no  effect  waa  meaaurable.  The  fact  that  thaae 
raaulta  war*  maaaurad  only  in  the  theta-range  la  atill  open  to  diacuaaion. 

Tenilaetam  ahowad  no  aignificant  effect  on  any  of  tha  biochemical  and  blood  parameter* 
atudied.  Thar*  waa  no  aubjective  affect  either.  It  muat  alao  remain  open  whether  the 
maaeured  change*  in  the  latenciea  in  the  theta-rang*  with  Tenilaetam  correlate  directly 
with  the  nootropic  propertiea  of  the  aubatanca.  The  acute  effect  in  tha  viaual  cortex 
apeaka  tor  an  activation  in  the  central  nervou*  ayatem  1  hour  aftar  ingaatlon.  The** 
effacta  in  the  viaual  cortex  ahow  a  clear  correlation  to  the  raaulta  from  the 
pharmacokinetic  and  pharmacodynamic  atudiea. 

Our  raaulta  ahow  a  highly  aignificant  affect  in  the  brain.  Xa  a  working  hypothaala,  wa 
propoa*  that  the  activity  maaaurad  in  the  central  nervoua  ayatem  correaponda  to  an 
improvement  in  the  cognitive  function,  i.a.  the  activation  maaaurad  in  the  central 
narvoua  ayatem.  Thia  ia  a  clear  indication  that  Tenilaetam  correaponda  to  an  improvement 
in  the  brain  function  of  man.  X  comparlaon  to  other  doaaga*  and  in  geriatric  patianta  ia 
planned  at  thia  atag*  of  reaaarch. 
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In  thia  project  we  war*  able  to  measure  significant  effects  of  Clonidine  and  Alinidine  on 
tha  cantral  narvoua  system.  Both  showed  a  latency  tnoraaaa  of  ona  beta-component  with  an 
apparant  latanoy  of  about  100  ma  in  tha  viaual  evoked  potantial.  Thia  affaot  ahowad  a 
cloaa  correlation  to  tha  known  affaota  or  side-ef f aota  on  tha  eantral  narvoua  system. 
Aftar  aavan  daya  (ataady-atata  oonditiona) ,  only  tha  affaota  of  Clonldina  on  tha  contraat 
channal  of  tha  viaual  system  wara  attanuatad.  Tha  colour  channal  waa  still  dampened.  Both 
aubatanoaa  had  a  stronger  affact  on  tha  colour  channal  of  tha  viaual  system  than  on  tha 
contraat  channal.  Thia  la  aapacially  trua  for  clonldina.  Tha  form  of  tha  tima  eouraa  for 
Alinldlna  waa  biphaaic  while  that  of  Clonldina  waa  monophasic.  Ha  alao  know  from  a  pilot 
atudy  that  both  aubatanoaa  hava  no  affact  on  tha  oculomotor  ayutam. 

From  atudiaa  of  tha  affacta  of  Clonldina  on  tha  BUG  during  alaap,  it  ia  known  that  it  has 
a  aynchroniaing  or  aadating  affact  on  tha  CNS.  Tha  affaot  on  tha  ISO  during  tha  waking 
phaaa,  a.g.  tha  affaot  on  tha  viaual  avokad  potantial  from  our  experiments,  ia  in 
agraamant  with  thaaa  raaulta  (latanoy  increase  in  tha  bata-ranga  around  3  hours  in  tha 
acuta  phaaa) . 

Tha  raduction  in  tha  dagrae  of  latancy  incraasa  undar  ataady-atata  condltiona  comparad  to 
acuta  conditions  may  indicate  an  adaptation  of  tha  CN8 .  Thia  aynohronialng  affact  ia 
valid  for  thu  colour  and  contraat  channala  with  Alinldlna  and  for  tha  contrast  channal 
with  Clonldina. 

In  tha  acuta  phase,  Clonldina  and  Alinldlna  diffar  claarly  in  matabollam  and  affacta  on 
tha  circulatory  and  eantral  nervous  ayatams.  Since  it  ia  known  that  Alinldlna  ia  partly 
mataboliaad  to  Clonldina,  the  biphaaic  nature  of  tha  affect  of  Alinldlna  in  tha  CNS  may 
ba  thereby  explained. 

Tha  maximal  effects  in  tha  CNS  are  at  about  tha  same  tima  as  tha  psychophysical  maxima 
(2-4  h.).  The  first  peak  of  the  Alinidine  curva  at  2  h.  probably  corresponds  to  tha 
maximal  effect  in  the  CNS.  The  second,  smaller  one  coincides  at  4  h.  with  tha  maximal 
affact  on  the  heart  undar  acuta  conditions  (day  1).  A  raduction  in  efficacy  between  2  and 
4  h.  coincides  with  the  half-life  of  tha  matabollam  of  tha  substance.  Tha  plasma  ><c- 
alimination  also  shows  two  paaka  at  44  and  210  mih..  Tharafora  wa  auggaat  that  tha 
Alinidlnu  curve  in  the  firat  few  hours  may  show  a  summation  with  tha  Clonldina  curva. 
Thia  would  explain  the  biphaaic  nature  of  tha  former  curve. 

Alinidine  shows  a  raduction  in  ita  effect  on  tha  CNS  undar  ateady-stata  condltiona  as 
well.  However  the  biphaaic  nature  ramaina.  Tha  second  peak  ia  shifted  from  4  to  7  h.  and 
thia  initial  phase  is  somewhat  wider  but  still  coincides  with  the  peak  effect  on  tha 
circulatory  system. 

The  form  of  tha  curves  of  the  effects  of  Alinidine  on  tha  central  nervous  and  circulatory 
systems  shows  a  similarity  especially  in  tha  blood  pressure  curve.  The  question  as  to 
whether  the  effect  of  Alinidine  on  the  CNS  is  primary  -  l.a.  a  direct  attenuation  of  the 
electrical  activity  -  or  secondary  -  an  effect  of  the  fall  in  blood  pressure  -  can  not  as 
yat  be  decided  at  thia  stage  in  research.  In  the  case  of  the  affect  of  the  drop  In  tha 
blood  pressure,  this  could  cause  a  decrease  in  the  oxygen  supply  to  tha  corte;'.. 
Measurements  of  Pot  profiles  in  the  cortex  in  animal  experiments  (Johnson  at  al.<10>) 
could  clarify  the  situation. 

There  is  alao  a  coincidence  between  the  peak  effects  of  Clonldina  with  <e  jeond  peak  in 
the  acute  and  ateady-atate  phases  of  Alinidine.  There  may  also  be  a  .elation  to  the 
subjective  effects  which  will  be  reported  elsewhere.  These  are,  however,  typical  for 
effects  in  tha  viaual  cortex.  Since  they  coincide  in  time  with  the  peak  efficacy  of 
Alinidine  in  the  CNS,  we  postulate  the  visual  cortex  as  ona  source  of  action  of  th«, 
substance  in  tha  brain. 

Clonidine  has  a  different  offset.  In  the  scuta  phase,  a  blphasic  profile  was  not 
measured.  This  is  also  the  case  for  the  blood  pressure  curves.  There  is  some  similarity 
however,  between  0.4  -  4.00  h  and  there  is  a  significant  effect  on  the  CNS.  This  range  is 
narrower  (2-4  h.)  under  steady-state  conditions.  The  amplitude  is  alao  decreased.  As  with 
Alinidine.  we  propose  an  adaptation  of  tha  central  nervous  system  to  the  effects  of 
Clonidlnu  as  an  intnrpi  '••atlon.  Different  effects  of  these  drugs  on  the  frequency  ranges 
analysed  might  be  an  indication  of  the  effects  of  the  underlying  mechanisms  producing  the 
evoked  response  in  the  beta-  and  theta-ranges.  Tha  fact  that  only  weak  effects  on  the  CNS 
could  be  measured  in  the  contrast  and  brightness  channels  of  the  visual  system  compared 
to  the  colour  system,  may  possibly  be  due  to  the  fact  that  the  stability  of  the  signals 
increases  from  colour  to  luminance  and  then  to  contrast  conditions,  i.e.  contrast  can  be 
least  affected.  Colour  is  on  the  one  hand  the  most  diffcult  channel  to  record  from 
reliably,  but  is  also  the  most  sensitive  channel  to  changes  in  the  visual  system.  The 
differential  effect  measured  in  the  studies  according  to  activation  and  attenuation  in 
tha  CNS  may  be  a  simple  and  effective  way  of  characterising  the  effects  of  drugs. 

The  evoked  potential  is  ideal  to  show  empirical  correlations  to  other  physiological  and 
psychological  parameters.  The  fact  that  the  evoked  potential  shows  an  effect  on  one 
component  in  tha  beta-range  of  Clonidine  and  Alinidine  with  a  latency  of  about  100  ms 
and  on  tha  other  hand  a  close  corralation  to  known  metabolic  and  psychological 
paramatera,  indicates  a  high  sensitivity  of  this  technique.  In  the  case  of  Alinidine,  a 
two  component  theory  (central  and  cardiovasular)  could  explain  the  effects  on  the  visual 
and  circulatory  systems.  We  propose  that  the  evoked  potential  may  be  more  seneitive  in 
evaluating  the  etteat  of  substances  active  in  the  central  nervous  system  than  subjective 
perception.  The  drug  effects  in  the  visual  cortex  correlate  also  well  with  tha  effects  in 
the  EEG  and  psychometric  measurements. 
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RESUME 

Catta  communication  prfeente  uno  approche  daa  effata  da  psychoatimulants  aur  1'activltA  Alactriquo 
cArAbrala  du  primate  non  humain,  par  1* utilisation  d'une  mAthoda  mattant  an  oeuvre  la  TranaformAe  rapide 
da  Fourier.  Troia  aubatancea  psychoetimulant.es  ont  AtA  AtudiAaa  au  coura  de  deux  experimentations 
complAmentairea.  Deux  d'entre  ellaa  eont  dee  paychoatimulante  de  rAfArence  :  la  cafAine  at  le  aulfata  da 
d-amphAtamine,  la  troiaiAma  aat  una  molAoula  original#  dotAe  da  propriAtAa  atimulantaa  at  Avelllantes 
partiouliArement  active. 

Catta  prtmiAre  approcha  a  ainai  permia  da  mattra  t  .  Avidanca  daa  propriAtAa  tout  A  fait  apAciflquaa 
de  catta  nouvelle  molAcula  au  niveau  du  epeotre  da  denaitA  da  1'SEQ,  at  da  pouvoir  la  aituar  par  rapport 
aux  affata  provoquAa  par  deux  autrea  stimulants  claaaiquas  at  obtanua  dans  lea  mAmea  conditions 
exp Arimen talas. 

INTRODUCTION 

Depuie  plus  de  25  ane  deo  Atudeq  relatives  aux  effete  dea  substances  paychotropes  aur  ie  systAme 
nerveux  central  an  gAnAral  et  1  'AlectroencAphalogramme  en  particulier  ont  AtA  menAea  dans  de  nombreux 
pays.  Le  perfectionnement  dea  techniques  de  traitement  automatique  du  signal  dapuia  caa  dix  demi&res 
annAea  a  permia  d'effectuer  une  avancAe  importantc  dane  la  connaisaance  dee  paychotropes  eesentiellement 
en  ce  qui  concerns  laa  tentative*  de  classification  des  molAcules  en  fonction  de  leurs  affata  aur  lea 
diffArentee  bandas  da  frAquences. 

De  trAs  nombreux  travaux  ont  AtA  effectuAs  :  parmi  les  premiAres  classifications  de  molAcules 
paychoactives,  celle  de  FINK  en  1963  peut  Atre  citAe  (6). 

Cependant  peu  de  recherches  font  Atat  d'uno  classification  des  psychostimulants  et  des  donnAea 
recueilliee  dans  la  littArature  font  souvent  Atat  de  divergences  dans  les  rAsultata  obtenus  (5)  (16) 
(17). 

Dans  le  cadre  de  1'amAlioration  de  la  valeur  opArationnelle  du  combattant,  notre  laboratoire 
participe  aux  rechercheo  relatives  au  contrftle  pharmacologique  dea  Atate  de  vigilance.  La  miee  en 
Avidence  dea  propriAtAa  da  nouveaux  psychoetimulanta  fait  appel  aux  techniques  claaaiquas 
d'AloctroencAphalographie  et  aux  techniques  plue  rAcentes  de  traitement  automatique  du  signal  par 
I'Atude  dea  spectres  de  denaitA  di  puissance.  Notre  objectif  set  done  d'approfondir  nos  connaissancea 
vis  A  vis  dea  nouveaux  psychoetimulanta  par  I'Atude  des  modifications  AlectroencAphalographiqueB 
engendrAes  pox1  1 1  administration  de  ces  molAcules  A  une  dose  efficace,  et  par  comparaison  des  effets 
observAs  avec  ceux  obtenus  par  1' administration  de  substances  paychostimulantes  de  rAfArence. 

A  cet  effet  deux  expArimentationa  prAliminaires  ont  AtA  effectuAes.  Toutes  deux  utillsent  le 
macaque  rhAaus  comma  modAle  animal,  en  raison  de  sa  proximitA  phylogAnAtique  avoc  l'homme,  ainai  que 
pour  des  raisons  Athiquea  et  lAgales  (8). 

La  premiAre  expArimentation  rAaliaAo  sur  quatre  Bujeta  a  pour  but  : 

1.  de  vallder  la  mAthodo  de  traitement  du  signal  EEO  mise  en  oeuvre  par  I'Atude  de  1 'homogAnAi tA 
dea  spectrea  obtenus  en  situation  tAmoin  et  lour  reproductibiHtA 

2.  d' observer  les  effets  de  1 'administration  de  psychostimulants  aur  le  spectre  EEG  et  de  lea 
comparer  aux  tAmoins 

3.  de  dAfinir,  pour  certainea  molAcules,  une  doue  efficace,  responaabla  du  spectre  apAcifique 
observA. 

4.  d'Atablir  une  aorte  de  carte  d'identitA  spectrale  apAcifique  d'une  molAculo  donnAe  et  commune  A 
toua  les  animaux  anregiatrAa. 

La  deuxiAme  expArimentation  rAaliaAe  sur  six  aujets  a  pour  but  : 

1.  de  vArifier  les  rAaultats  obtenuB  A  1* issue  de  la  premiAre  expArimentation 

2.  d'approcher  par  l'Alectrophyaiologie,  la  pharmacocinAtique  dea  molAcules  adminiatrAes. 

Le  plan  adoptA  pour  prAsenter  ces  travaux  sera  done  le  suivant  : 

-  1*  partie  :  exposA  de  la  mAthode  utilisAe 

-  2°  partie  i  principaux  rAsultata  obtenus 

-  3®  partie  :  discussion  gAnArale  et  conclusion. 

I  -  METHOD! 

II  -  PRINCIPE 


La  principe  de  la  mAthode  utilisAe  consisto,  aprAa  mise  en  place  chirurgicale  d'Alectrodes 
chroniques,  dans  1  '  enreglstrement  dea  signaux  Alectrocorticographiques  recueillis  chez  le  singe  macaque 
rhAsua,  lora  de  1 ' administration  de  diffArentee  aubatancea  paychotropeB .  Les  donnAes  enregiatrAea  sont 
alors  comparAes  6  cellee  obtenuea  lore  de  1' administration  d'un  placebo. 
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12  -  AN IKAUX  ST  TECHNIQUE  CHIRURQICALK 

Quatra  macaques  rhAtua  mtlaa  adultaa  aont  utiliaAa  au  court  da  la  pramiAra  axpArimantation  (S4, 
T7,  A 34  at  A21 ) .  Six  maoaquas  rhAaus  mllea  adultaa  aont  utiliaAa  au  coura  da  la  dauxlAma  axpArimantation 
(S4,  T7 ,  ASA ,  Ul,  R3  at  A40). 

Cat  animaux,  dont  la  pot da  varla  antra  nauf  at  douaa  kilogramme#  au  coura  daa  enragiatramcnta, 
aont  parfaitoment  adaptAa  aux  conditiona  exp4rimentale«  at  n'ont  aubl  auoun  traitement  rAcent  pouvant 
antratnar  una  interfArenoe  avac  laa  diff4rantaa  administration*. 

Troia  aujata  aont  communo  aux  daux  axpdrlmantatlona  r4alia4aa  4  un  an  d'  Interval  la,  oa  qul  dolt 
parmattra  daa  oontr&lea  da  raproductlbillt4  daa  r4aultata  pour  laa  mimes  animaux  dana  laa  mimes 
conditions  expArimentalas.  Caa  aapt  aujata  ont  aubl  una  Implantation  d'41actrodaa  chroniquaa,  aalon  una 
technique  atandardiala  (10).  Laa  41aotrodaa  cortlcalaa  auparficiallaa,  conatitu4aa  da  boulaa  d'argant 
aont  fixlca  au  contact  da  la  dura-mire,  dana  laa  rdgiona  frontalaa,  parl4talaa  at  aub-ocoipi talas.  Ellas 
aont  pairaa  at  aym4triquaa  par  rapport  4  la  autura  aaglttala.  L'anaambla  da  caa  41actrodaa  iaolies,  eat 
aoud#  4  un  connactaur  famalla  tolidariai  au  orAna  par  un  amarraga  da  fil  d’acier  at  par  una  prothAse  an 
r4aina  acryliqua  (Taxton). 

13  -  LOCAUX  ET  WATER  I  ELS 

L'41actroanc4phalogramma  daa  animaux  aat  anragiatr4  an  aituation  da  contention  dana  daa  aiAgaa 
dita  "da  contention"  da  conception  origlnale  parmattant  aux  macaques  rh4aus  d' adopter  una  poatura 
voiaina  da  la  poatura  naturalle  da  rapoa  (15).  L'adaptatlon  aux  conditiona  d'oxpirienca  a  4t4  antrapriaa 
event  1 ' implantation  at  r4gullArement  antratanua.  Las  aujata  aont  enraglatriB,  par  pairs,  at  aont 
dispoaia  oOta  4  cdte  aur  un  portolr  da  faqon  4  ca  qu'ila  puiaaant  a  a  voir  at  4vantuallamant  aa  toucher. 
Cat  anaambla  aat  mia  an  place  dana  una  cabin#  d'laolamant  inaonorlaAe,  vantili#  at  munla  d'un  4clalroga 
parmattant  un  contrOle  par  circuit  vid4o  du  comportament  daa  animaux. 

Laa  anragiatramanta  aont  affactu4a  da  faqon  in  in  terrorise  aur  un  support  magn4tiqua  (Ampax  PR 
2230,  FM,  7  plates).  A  partir  da  caa  anragiatramanta,  il  aat  proc4d4  4  una  analyse  spectral#  mettant  an 
oauvra  l'algorythme  da  la  Transform^#  rapids  da  Fourier  (FPT).  L'appareil  utilia4  aat  la  SPXCTROVAR  CS 
2/4  (15).  Laa  donn4tt  analogiquaa  atock4aa  aur  la  support  magn4tiqu#  pauvant  ansulta  4tre  ratranacrltaa 
aur  un  support  graphique  (Polyrapha  EC EX,  16  pistes). 

Daux  d4rivationa  EKG  aont  anraglatrlaa  par  aujat  (d4rlvationa  pariAto-frontalea ) ,  capandant  pour 
daa  raiaona  technique#  aeul  1'hAmiaphAre  gaucna  aara  pria  an  compta  pour  1* analyse  spectral#  dans  la 
deuxiAme  expArimentation. 

Enfln  lee  donnAea  obtenuee  aont  traltAaa  par  un  loglciel  dAflni  an  fonction  du  protocol#  anviaagA. 
Laa  rAaultata  aont  InterprAtAs  atatiotiquement  par  1 'utilisation  d'un  test  non  paramAtriqua  utiliaA  par 
da  nombreux  autaura  (3),  (16),  at  appllquA  pour  comparer  laa  rAaultata  obtanua  frAquanca  par  frAquance 
ou  par  bandaa  da  frAquancaa. 

14  -  ADMINISTRATION  DBS  MOLECULES 


Quatre  traitamanta  ont  AtA  adminiatrAa  s 

-  Placebo  (aArum  phyaiologiqua) 

-  AmphAtamine  (aulfata  da  d) 

-  CafAlna 

-  CRL  40476  (2°  expAr indentation  aeulement) 

L'amphAtamina  at  la  cafAine  ont  AtA  choiaJ.es  comma  psychostimulants  da  rAfArence.  La  CRL  40476, 
psychostimulant  original  da  synthAae,  ant  dotA  d'une  action  modulatrice  (activatrica)  apAcifiqua  daa 
rAcaptaura  adrAnergiques  alpha  1  poat-synaptiquaa  cantraux  accompagnAe  d'une  augmentation  da  la 
vigilance  at  sans  effete  pAriphAriquee.  Lea  propriAtAs  de  cette  molAcule  ont  AtA  prAaentAes  au  symposium 
ralatif  4  1'amAlioratlon  biochimique  do  la  performance,  4  LISUONNE  en  1986  (13). 

-  Doses  admlniatrAsa  : 

.  0,25  et  0,50  mg.£g~  de  sulfate  de  d-amph  At  amine 
.  7,5  et  15  mg. kg"  de  cafAine 
.  22,5  mg.kg~X  de  CRL  40476 

Le  choix  dee  dosea  administrAee  est  fonction  dee  rAaultata  recueillls  dans  la  littArature  et  dea 
observations  rAalisAes  au  laboratpire.  . 

Leo  doses  de  0,25  mg. kg’"  d' amphAtamine  et  de  7,5  mg. kg"  de  cafAine  sont  apparues  comme 
parf alternant  stimulantes  chaz  jLa  macaque  (9)  (11).  ^ 

Laa  doses  da  0,50  mg. kg"  d' amphAtamine  et  de  15  mg. kg"  de  cafAine  aont  en  revanche  eupArieures  4 
la  doBe  seuil  stimulants  chez  le  macaque. 

Quant  4  la  dose  da  22,5  mg. kg"  da  CRL  40476  elle  s'eat  avArAe  una  dose  efficace  sur  le  plan  dea 
propriAtAs  Aveillantes  mais  peu  ou  faiblement  active  sur  le  plan  agitant  (13). 

-  Voie  d 'administration  : 

.  sulfate  de  d-amphAtamine  )  intra- 
.  cafAine  )  musculalre 

.  CRL  40476  per  os  (Bondage  naso-oeBophagien ) 

Les  administrations  placebo  (solvent)  sont  effectuAes  par  voie  intra-muaculaire  ou  orale  en 
fonction  de  la  voie  d' administration  utilisAe  pour  la  substance  AtudlAs. 

-  Volume  ingArA  :  10  ml 

-  Volume  injectA  i  1  ml 

-  Solvent  :  gonune  arabique  ou  sArum  phyaiologique. 

-  Mode  :  administration  rApAtAe  (deux  ou  trois  jours  consAcutifa  aelon  le  protocole). 

-  DAlai  :  1 ' administration  de  la  molAcule  a  lieu  quJnze  minutes  avant  le  dAbut  de 

1 'enregiatrement. 


15  -  PROTOCOLS 


-  Pour  It  lira  experimentation  le  protocol®  eat  le  auivant  i 

.  enrogiatrement  do  choqut  pair®  pendant  1  hour*  (do  12  H  30  4  13  H  30)  deux  joura  par 
aemaine  lo  merdi  ct  le  mercredi.  Une  eemalno  “d'onreglatrement"  eat  alternle  avec  une 
aemaine  "do  repot"  ;  co  qui,  vu  le  nombro  do  aujeta,  lalaae  12  joura  do  repot  entre  deux 
enregiatrementa  conalcutifa. 

.  c'eat  alnal  quo  pour  cheque  aujet  11  a  Itl  obtenu  12  onroglntrementa  : 

-  4  enregiatrementa  tlmoina 

-  2  enregiatrementa  par  doae  at  par  mollcule. 

-  Pour  la  2Ame  experimentation  lo  protocole  eat  lo  aulvant  : 

.  enreglatrement  do  cheque  pair®  pendant  8  heurot  (do  9  H  00  A  17  H  00)  troia  Joura  par 
aemaine  (lea  mardi,  mercredi  at  vendredi). 

Chaque  paire  eat  enregibtrlo  durant  troia  joura  avec  le  mime  traitement,  cola  permet  done, 
pour  chaque  paire  do  aujeta,  d'alterner  une  aemaine  d* enreglatrement  avec  deux  aemainea  de 
repos, 

«  pour  chaque  aujet  11  a  alnal  It!  obtenu  12  enregiatrementa  ;  soit  chroniquement  ; 

-  3  enregiatrementa  tlmoin  placebo  . 

-  3  enregletremente  Amphltamine  (0,5  mg.kg”) 

-  3  enregiatrementa  Cafline  (15  mg. kg";  . 

-  3  enregiatrementa  CRL  40478  (22,5  mg. kg'"1) 

16  -  TRAITEMENT  DU  SIGNAL  ET  PRESENTATION  DES  RESULTATS 


-  En  ce  qui  concerne  l'appareil  utllial  j  le  Spectrovar  C.S.  2/4#  eat  conatitul  d'un  micro 
ordintteur  COMMODORE  de  type  8032  comportant  une  mlmolre  de  32  k-octeta  architecture  autour  d'un 
microproceeaeur  INTEL  6502,  Le  double  lecteur  de  diaquette  de  340  kilo-octeta  permet  l'archivege  des 
rlaultata  alnal  qu'un  poat-trei tement  des  donnles  atocklea  en  coure  d' acquisitions.  Le  module  de 
traitament  du  signal  permet  1 1  acquisition  de  aignaux  aur  2  moia.  Cea  aignaux  aont  aoumia  &  deux 
filtregea.  Le  premier  est  en  frequence,  de  type  passe  haut  (0,15  Hz-6dB/oct)  at  le  second  eat  aur  fiche 
anti-repliement.  Lea  aignaux  aont  Ichantillonnla  A  la  frequence  de  128  HZ  aur  8  bite, 

Le  traitement.  pout  Itre  effectul  sur  une  plage  de  frlquence  de  15-30  Hz.  Le  seuil  d' acceptation 
eet  rlgll  pour  un  eeuil  de  75  X.  Le  paa  d1  analyse  eat  de  10  aecondee  et  le  tempo  de  traitement  de  2,5 
secondea.  II  eat  utiliad  une  fenltre  de  pondlration  dite  "rectangulaire". 

-  A  partlr  dea  enregiatrementa  d'une  heure  (lire  experimentation)  11  est  rlalisl  dee  spectres 
moyens  re prl sent ant  un®  durle  de  10  minutes. 

-  D'un  enreglatrement  de  8  heures  (2lme  experimentation)  11  est  procldl  A  un  moyennage  des 
spectres  pour  obtenir  un  spectre  moyen  par  heure. 

Paralldlement  ies  rlaultats  obtenus  sont  prlsentle  sous  la  forme  d®  tableaux  lndiquant  pour  chaque 
frequence  (de  1  A  30  Hertz)  et  pour  chaque  apectre  moyen  (par  10  minutes  pour  la  premilre 
experimentation  ou  par  une  heure  pour  la  seconde)  : 

.  la  puissance  du  signal,  en  microvolt  au  carrA  (2°  experimentation) . 

.  Le  pourcentage  de  la  puissance  du  signal  pour  chaque  frequence  par  rapport  aux  autree 
frequences. 

Enfin  ii  eat  indiquA  le  pic  de  frequence  maximum  pour  chaque  apectre  moyen. 

Lea  spectres  de  densitl  de  puissance  eont  obtenua  pour  chaque  apectre  moyen  et  pour  1' ensemble  des 
spectres  moyene  AtudlAa,  aoue  forme  "paeudo  tri-dimensionnelle" , 


II  -  PRINCIPAUX  RESULTATS  OBTKNUS 

I  “  PREMIERE  experimentation 

II  -  Enregiatrementa  TAmoina 

L'dtude  dea  tableaux  de  rlaultats  et  des  spectres  moyens  par  dix  minutos  qui  en  aont  iasus,  permet 
de  formuler  lea  observations  suivantea  : 

-  chez  un  animal  et  lore  d'une  elance  d ' enreglatrement  d'une  heure,  lea  spectres  moyena  par  10  mn 
obtenua  prAsentent  dea  profile  tout  A  fait  semblablea. 

-  Cette  homogAnAitA  dea  spectres,  vArifiAe  statiatiquement ,  eat  Agalement  retrouvAe  pour  un  mime 
animal  lore  des  diffArents  enregi strementa  tAmoina  effoctuAs. 

-  En  revanche  la  comparaison  des  spectres  moyens  inter-individuela  fait  apparattre  une  certain® 
hAtArogAnAitA  que  l'on  peut  expliquer  par  example,  par  la  localisation  variable  dea  Alectrodee 
d' enreglatrement  au  niveau  dea  airee  pariAto-frontalea. 

Quoiqu'il  en  aoit  cea  premiers  rlsultats  mettent  en  Avidence  le  caractAre  homogAne  et 
reproductible  dea  spectres  individuals  obtenua  et  constituent  ainsi  un  dlbut  de  validation  de  la  mAthodo 
de  traitement  du  signal  utilisA, 


Conatructeur  :  SociAtA  ALVAR,  6bis  rue  du  progrAa  93100  MONTREUIL 
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NON  t  S  4 

TRA ITEM ENT  i  TEMOIN 
DATS  i  05.02.1906 


NON  i  S  4 

TRAITZKENT  ;  TEMOIN 
DATE  j  06.02.1986 


Figure  n°  1 

Exarryle  da  raproduotibilitt  da  Vhomoq4n&it4 
dea  apaotrae  da  danaitt  da  puieaonoa  EEG  (voir  taxta) 


12  -  Enregiatrementa  aprAs  traitement  pur  CafAine 

Aucune  diffArence  significative  n'a  pu  Atre  miae  en  Avldence  an  fonction  da  la  doae  da  cafAine 
adminiatrAe  (7,5  ou  15  rtig.kg  ).  Par  ailleura,  il  eat  obaervA  un  renforcsment  daa  pulaaancea  aituAea 
dana  lea  baaaea  frAquences,  infArieures  4  5  Hart*  r  at  caci  chez  tour,  leu  animaux  enregistrAs,  m&me 
loraqu  il  axiatalt  dAjii  un  fort  taux  da  baaaea  frAquences. 

Enfin,  il  eat  A  notar  une  diminution  sensible  da  la  puissance  du  spectra  au  niveau  da  la  bande 
alpha  (7  k  13  Hertz). 

(cf.  figure  n°  2) 

13  “  Knregiatrements  aprAs  traltement  par  AmphAt.amine 

[.’administration  da  sulfate  da  d-amphAtamine  aux  doses  de  0,25  at  0,50  mg. kg"1  n'entratne  pas  da 
modifications  fondamen tales  du  spectre  EEG  on  fonction  de  la  dose  adminiatrAe. 

L'Atude  de  1' allure  dee  spec tree  permet  da  no tar,  par  rapport  aux  epee tree  tAmoins  une  aorta  de 
recentrage  de  la  puissance  apectrale  autour  de  20  Hz,  alore  que  1 ’ensemble  de  la  bande  bAta  dAcrott 
assez  nettament  an  puissance. 

Cat  aspect  est  plus  net  au  niveau  de  1’hAmisphAre  droit  qu'au  niveau  de  1'hAmiaphAre  gauche  des 
aujeta  enregiatrAs. 

(cf.  figure  nfl  2) 

14  -  Discussion 


A  1’ issue  de  cette  premiAre  expArimentation  il  a  AtA  montrA  la  poeeibilitA  d’obtenir  pour  un  mSme 
animal,  des  spectres  de  denaitA  de  puissance  fiables  et  reproojctihles  pendant  l'heure  suivant 
1  administration  du  placebo  ou  du  traitement.  Ces  spectres  qu'ils  aient  AtA  obtenus  aprAs  administration 
de  placebo,  de  cafAine,  ou  d' amphAtamine  aont  apAcifiques  de  1 ’animal  enregiatrA  et  de  la  molAcule 
adminiatrAe.  Dana  les  conditions  de  1'expArience  lea  diffArentes  doaes  adminietrees  n’ont  pas  permis  de 
UT”i*  t^O,,0  aouil  Alflcace  but  le  spectre  de  denaitA  de  puissance,  pour  lee  psychostimulants 
AtudiAs.  Il  n  s  pas  non  plus  AtA  possible  d'Atablir  de  fagon  rigoureuse,  un  ensemble  de  modifications 
apAcifiquoa  d'une  molAcule  (ou  carte  d'identitA  apectrale)  communes  A  tous  lea  animaux  traitAs  :  ce  fait 
pouvant  s’expliquer  par  le  nombre  trop  faible  de  aujeta  (quatre). 
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NOM  i  A  34 
TRAITEMENT  !  TEMOIN 
DATE  :  03.04.1986 


MOM  i  A  34 

TRAITEMENT  i  CA PEINE 

15  mg/kg 

DATE  l  11.04.1986 


NOM  l  A  34 

TRAITEMENT  J  AMPHETAMINE 

0.5  ng/Kg 
DATE  i  29.04.1986 


NOM  1  T  7 

V'.AITEMENT  l  TEMOIN 
•JATS  i  05.02.1986 


NOM  i  T  7 

TRAITEMENT  l  CAT  El  ME 
15  ng/kg 

DATE  t  26.03.1986 


NOM  i  T  7 

TRAITEMENT  *  AMPHETAMINE 
0.5  mg/kg 
DATE  :  15.04.1986 


ier  SPECTRE  i 
2*o»  SPECTRE  i 
3*M  SPECTRE  t 
Ub<  SPECTRE  t 
5te«  SPECTRE  t 
6 tea  SPECTRE  t 


SPECTRE  MOYEN  DES  10  PREMIERES  MINUTES. 
SPECTRE  MOYEN  DE  LA  10*  A  LA  20*  MINUTE. 

SPECTRE  MOYEN  DB  1*  20#  A  LA  30  *  MINUTE. 

SPECTRE  MOYEN  DB  LA  30*  A  LA  40*  MINUTE. 

SPECTRE  MOYEN  DE  LA  40*  A  LA  50*  MINUTE. 

SPECTRE  MOYEN  DE  LA  50*  A  IA  60*  MINUTE. 


Figure  n°  2 

Speotreo  de  deneit*  de  puieeanoe  EEG 
aprts  a&nirtietration  de  peyohoetimulanU,  (voir  texte) 
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2  -  DEUXIEME  EXPERIMENTATION 


Elle  avait  pour  but  : 

1.  de  verifier  laa  rAsultata  obtenus  A  1'  Issue  de  la  premiere  experimentation. 

2.  do  tenter  de  mettre  en  Evidence  la  pharmacoci nAtique  dea  molAculeo  administrAcs. 

3.  d'Atudier  lea  effete  de  1 ' administration  d'un  psychostimulant  original  ( le  CRL  40476)  aur  le 
spectre  de  densitA  de  puissance. 

21  -  Verification  des  rAsultata  obtenua  &  l1 issue  de  la  premiere  experimentation 

21.1  -  Au  niveau  dea  enreglatrementa  tAmolns 

La  comparalaon  des  spectres  moyeno  d'une  heure  obtenut  au  coura  d'une  neme  experimentation  de  8 
heurea  met  en  Evidence  une  certaine  hAtArogAnAitA  entre  lea  spectres  pour  un  mime  animal, 

Le  mime  rAsultat  eat  retrouvA  lora  de  la  comparalaon,  pour  up  mime  animal,  des  epectrea  moyens 
obtenua  lora  d'une  premier#  JournAe  tAmoin  placsbo  avec  ceux  obtenua  lora  d'une  deuxiAme  JournAe  tAmoin 
placebo  et  coci  dans  l'ordre  chronolcgique  d' apparition  (ler  spectre  moyen  du  ler  Jour  avec  le  ler 
spectre  moyen  du  2Ame  jour,  etc,..). 

En  revanche,  et  cela  a  AtA  retrouvi  pour  toua  .lea  animaux  AtudiAa,  la  comparalaon  dea  moyennes 
globales  de  cheque  JournAo  tAmoin  '.^aceho,  permet  de  mettr«  en  Avidence  une  forte  homogAnAitA  pour 
1' ensemble  dea  spectres  obtenus  chez  un  mono  animal. 

21.2  -  Traitei.’ent  par  la  cafAine 

Lea  observations  effectuAes  lora  He  la  premiere  experimentation  eemblent  se  confirmer,  En  effet, 
pour  toua  lea  animaux  AtudiAa,  (of.  figure  n®  3)  il  apparait  die  la  premiAre  heure  une  augmentation  trAs 
nette  dea  trie  basses  frequences  (ondes  delta  1  a  4  Hz)  sccompagnAe  d'une  .-Aduction  des  frequences  de  la 
bande  alpha  (7  -  13  Hz).  La  puxsaance  spectrale  au  niveau  de  1-j  bands  thita  eat  de  fa£on  gAnArale 
lAgAremunt  c'imlnuAe  ;  de  mime  au  niveau  la  bande  bSta,  il  eat  trda  globalement  observe  un©  diminution 
da  la  puissance  bien  qu'un  pic  aoit  parfois  remarque  au  niveau  de  20  Hertz, 

Lea  modifications  apeccral?s,  prAcAdemment  dAcrites,  sont  A  1* issue  de  l'Atude  d'un  Achantillon 
da  spectres,  reproductible  non  boulement  au  coura  dea  8  spectres  moyens  d'une  heure  mala  Agalement  eu 
coura  des  diffArentes  adminiatratione  de  cafAine,  chem  un  mirra  animal. 

21.3  -  Traltement  par  1 1  amphetamine  (figure  n®  3) 

Las  risultate  obtenua  lore  du  traltement  par  le  sulfate  de  d-amphAtamine  permettent  de  dAfinir 
certalnea  tendances  gAnArales  quant  aux  modifications  dea  puissances  du  spectre  en  function  dea 
frequences.  Cast  ainei  qua  l'on  a  pu  observer  : 

-  au  niveau  de  la  banue  de) ta  :  une  augmontation  de  la  puissance  spectrale. 

-  au  niveau  de  la  bande  thita  ,■  lea  variations  observAee-  aont  variables  avec  cepandant  une  lAgdi-e 
tendance  &  1 'augmentation  de  puisaance. 

-  au  niveau  de  la  binde  aJpha,  il  eat  notA  une  relative  stabilitA  de  la  puissance  epectrale 
Avoluanfc  pour  certaine  sujats  vers  une  augmentation. 

-  au  niveau  de  la  bande  bdta,  une  nette  diminution  de  la  puisarnce  spectral©  est  not.Ae, 
particuliArement  marquAe  au  niveau  b&ts  2  (25  -  30  Hz). 

Toutefoia  il  a  AtA  remarquA  chez  deux  animaux  dea  modifications  apectralea  diffArentes  de 
cellea  prAcAdemment  exposAes  ;  la  puiaaance  dana  la  bande  delta  diminue  alora  m8me  que  celle  de 
la  bande  bAta  augmente, 

22  -  Pharmacologle  dea  molecules  admlniatrAea 

Il  a  AtA  procAdA  A  l'examen  dee  spectres  moyens  d'une  heure  pour  dAceler  d' Aventuelles 
modificationa  ou  Involution  do  1' allure  gAnArale  des  Bpectres  eu  coura  des  huit  heuroo 
d'enregistrement. 

C'eat  ainsi  que  : 

-  Pour  la  cafAine  saucune  Evolution  marquee  de  1' allure  du  opectre  n'e  pu  Atre  observAe  eu  coura 
dee  huit  heureB  d ' enregiatrement  chez  les  animaux  AtudiAa. 

-  Pour  la  d-amphAframlne  :  il  n'a  pas  non  plus  4^  poaaible  d' observer  par  la  aeule  Atude  de 
1 'allure  gAnArale  de*  spectres  moyens  d'une  heure,  une  cinAtique  de  la  molAcule  administrAe. 

Les  rAsultats  obtenua  ne  eont  pas  entiArement  en  accord  avec  las  donnAes  actuellee  aur  le 
mAtabolisme  et  la  cir.Atique  des  deux  moliculeB  AtudiAea.  En  effet  aelon  *NGGARD  ())  et  BAGOTT  et  DAVIS 
(2)  la  demi-vie  de  la  d-amphAtsrnine  serait  de  l'ordre  de  30  mn  &  3  heurea  chez  le  rat  et  lAgArement  plus 
longue  chez  lea  autrea  animaux,  1.1  apparait  ainai  nAcessaire  d'approfondir  no're  mAthode  d'Atude  de  la 
cinAtique  des  modifications  spectralas,  provoquAes  par  1' administration  de  d-anpliAtamine,  af in  de  tenter 
de  corrAler  1' action  centrals  de  cea  molecule-,  avec  leur  mAtabolir.ne. 

Par  contre  la  cafAine  pouvant  avoir  une  dur&e  d1  action  aeaez  longue  (supArieureA  7  heurea),  la 
cinAtique  de  cette  molecule  n'a  pu  Atre  miae  en  Evidence  dana  Ice  conditions  do  1 'expArience. 

2?  -  Etude  dea  effet  .  de  1 ' administration  d'un  nouveiu  paychostlmulant 

Aprds  contrfile  de  1 '  homogA.iAitA  dea  spectres  obtenus  en  situation  tAmoin  placebo,  il  a  AtA 
administrA  une  dose  considArAe  comme  efficace  au  niveau  de  1 'effet  Avelllant,  d'un  psychostimulant 
original  le  C.U  40476  (13). 

Leo  effets  obtenua  au  niveau  des  spectres  de  density  de  puissance  sont  unlvoques  pour  1 'ensemble 
deB  trsitements  et  des  animaux  enrogiatrAs.  I  Is  consistent  en  une  cugmentation  importante  de  la 
puissance  spectrale  au  niveau  de  la  bande  delta  (2  A  4  hz)  accompagnAe  le  pluo  souvent  d'une  rAduction 
de  la  puiasar.ee  au  niveau  des  ondet  b8ta,  3c  puiaaance  au  niveau  des  ondes  alpha  restant  stable.  L'Atude 
de  la  cinAtique  permet  de  mettre  en  Avidance  un  effet  moins  marquA  de  cette  ir.oiAcule  la  premiere  heure 
suivant  1 ' administration ,  comp* i C  :  aux  heurea  suivantes.  (cf.  figure  n°  3). 
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Sujet  a34 


Sujat  U1 


Caf6i.no 


CRL  40476 


Figure  rt°  3 

Speotrea  de  denaiti  da  puissance  obtenue  aprie  administration 
d'un  placebo  et  de  trois  psychostimulants  ohez  le  macaque  A34 
(en  haut)  et  le  macaque  U1  (en  bas).  (Enregiatrementa  hdmisphire 
gauche,  derivation  paridto-frontale) . 
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III  -  DI8CUS3I0H  -  CONCLUSION 

L'ansnmble  de«  donnAea  obtenues  A  1' issue  de  cette  Atude  prAlimlnairo  d’une  approche  des  effets;  it 
paychoatimulanta  sur  i'activitA  Alectriqu*  cArAbrale  chez  la  primate  non  humain,  permet  da  formuler Von 
certain  nombre  da  rAaultata,  \ 

1.  La  grand*  homog6nAitA  obaorvAe  au  niveau  daa  spectres  moyens  oalculAa  at  obtanua  aur  lh 

totality  da  l'enragiatremant  an  situation  tAmoin  placebo  chea  tout  lea  animaux  enragiatrAs,  mtt 
en  Avidence,  d'una  part,  le  caractAre  reproductible  dea  rAaultata  lora  d'una  mime  aituati^r. 
expArimentale,  at  d'autre  part,  .leur  fiabilitA,  at  valido  ainsi  la  mAthode  utiliaAe.  ■, 

2.  Lea  modifications  notAea  au  niveau  daa  apectraa  de  denaltA  da  puiaaance  lora  da 
1' administration  de  certaine  paycnoatimulanta  chez  le  macaque  rhAsua  nux  doaea  lndiquAea,  par 
rapport  aux  apectraa  anrogistrAa  lora  da  1 'administration  d'un  placebo,  pauvant  Atre  rAaumAea 
dans  la  tableau  auivant  t 


I  1  1  1  1 

i  |  delta  |  thlta  j  alpha  |  bits  1 

|  j  1.5-3  Hie  |  3. 5-6. 5  ha  |  7-13  Hz  |  13.5-20  Hz 

1  III! 

i  _  l  J  l  i _ 

i 

b*t»  2  | 

20.5-30  He  j 

|  CAFEINE  |  i  1 

1  15  mg.kg*1  |  *  * 

1  1 

|  r  .  ...  t  _  _  ... 

I 

_ 

i  a 

*  !  * 

1 

i 

T  1 

*  1 

1 

-i 

i  i 

1  D-AMFHETAMINS  |  i 

1  0,5  mg.kg"1  |  1 

1  1 

1 . . _ . _  1  ... 

» 

i  i  i 

t  !  «  1  H  ! 

1  1  1 

..  ..  t  i  ..  i 

i  i 

|  CRL  40476  .  |  |  | 

|  22.5  mg. kg  |  '  * 

1  1 

ill  i 

A  i  „  i  1  i  j  i 

*  1  *  1  ’  1  ♦  ! 

Ill  1 

(  I  augmentation,  T  diminution  ,  <0i  pas  da  ehangemant,  a  variable) 


Variations  oaraoteristiquae  dea  apeatree  da  density  da  puisdanoeB  enregietreee  an 
derivation  parieto- frontal*  ohe*  le  macaque  rh4eue>  aprde  administration  de 
different e  paychoatimulanta 


3.  Caa  donnAea  ont  AtA  obtanuaa  A  partir  d'un  Achantillon  da  240  snregi a tr aments,  tAmoins  placebo 
at  trai tenant  par  paychoatimulanta,  chat  aapt  sujets  diffArenta. 

En  ca  qui  concerns  la  cafAins,  las  rAaultata  obtanua  au  coure  de  ?ea  sxpArimen tat Iona  chez  le 
primate  non  humain,  aont  en  accord  avec  caux  obtanua  ehea  l'h^u-oa  par  POLLOCK  et  coll  (14) 
alnai  que  pnr  BRUCE  et  coll  (4)  lora  de  1' administration  per  oa  de  doaea  de  cafAlne 
reepectivement  de  200  mg,  250  mg  et  500  mg.  Notamment  11  eat  retrouvA  une  diminution  da  la 
puissance  apectrale  dans  lea  bandea  de  frequence  thlta  et  alpha.  De  mime,  la  puiaaance  globalc 
•spectral©  eat  diminuAe  par  rapport  k  la  puiaaance  globale  enregistrAe  en  situation  tAmoln  pour 
un  mime  animal.  En  revanche  caa  auteura  o' ont  paa  not  6  d '  augmentation  dea  puiaaancea  dana  la 
bands  delta,  alora  qua  cette  modification  eat  caractAriatlqua  dea  enreglatrements  dont  lea 
rAaultata  aont  prAaentAa  dana  cat  expoeA. 

En  ca  qui  concerns  la  aulfata  da  d-amphAt amine,  bien  que  certains  rAaultata  aoiant  divergenta, 
il  eat  poaaible  da  dAgagar  un  ensemble  de  modifications  au  niveau  du  spectre  de  denaitA  de 
puissance  aamblablea  k  cellea  retrouvAes  par  de  nombreux  auteura.  Coat  ainal  que  l'on  retrouve 
une  diminution  de  la  puiaaance  apectrale  au  nivaau  de  la  bands  bits.  Cette  rAduction  au  niveau 
dea  hautee  frAquencea  a  AtA  retrouvAe auaal  bien  chez  le  rat  (5),  le  chat  (16),  le  singe  (12) 
que  chea  l’homme  (7)  (17). 

4.  Lea  deux  doaea  admlniatrAea  pour  chaque  molAcule  de  rAfArence,  lora  de  la  premilre 
expArlmentation  n’ont  paa  permia  de  dAgager  la  dose  aaull  entralnent  lea  modifications 
apectrales  obaervAea.  Dea  travaux  aeront  A  pourauivre  dana  ce  aene,  notamment  pour  eaaayer  de 
comparer  la  doae  aeuil  dea  effeta  Alectrophyaiologiquea  et  la  dose  aeuil  des  eifeta 
comportementaux  caractAriatiquea  dee  paychoatimulanta. 

5.  La  recherche  de  la  pharmacocinAtique  des  effeta  Alectrophyaiologiquea  dea  molAculea 
admlniatrAea  n'a  permia  que  d'entrevoir  la  poaeibilltA  d'une  telle  Atude  par  l'obtention  de 
rAaultata  partiela  qui  dana  l'Atat  actual  dea  travaux  entrepria  n'ont  pu  Itre  mla  en  Avidence 
qua  pour  1* administration  de  CRL  40476.  Des  Atudes  plus  fines  en  dAbut  de  traitement  (par 
example  Atude  dea  spectres  moyena  de  10  mn  pendant  la  lire  hours  sprig  administration  de  la 
molAcule)  cu  des  Atudea  plus  prolongles  ( au  delA  de  la  8Ame  hours)  devront  Atre  envisagAea  dans 
1' avenlr. 
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a  •ff#t,Jd°  CRL  40476  ,ur  ilectrique  c«r4brel.  du  macaque  .  porml.  de 

^  d*  1"  pui,I*ncr  »P«etr»l#  tout  4  fai  ep4cifiquea  de  cette 

r,Pr0dUCtlb’7a  4  U  f°is  Uh«  '*  "«**  •»*-.-  -1-  «u~i  ch.*  tou.  1.. 

or2ih!lrd  MSn<r;1*  d“  *k  \cr*  d*  d,nsit<  de  pul*«»ne*  al.  )i  ot.enu  *.paralt  come  relativement 
modification.  *?"“  l0r*  d*  1'«l«'InUtntion  d*  ™«lrs,  notamment  en  ce  qui  coneerne  lee 
u'J  ,"iV**U  d*  10  b,nd*  d*1"  (fort*  •uamont.tion  de  la  ouiaaaf.ee 
dSimImI  Tin k  ,  \  *  b8U  l'dlmlr'utio"  d«  »•  puusanoe  epectrale).  De  plus,  1. 

oulJomot  ®  °  *P’  <u*  d*  d»r»  «"•  proportion  de  ftO  *  par  rapport  *  la 

?•  Jml“  atr^tTon  de LttiL  “  ’Uj  ‘  jm0ir’’  r ‘on  «•»“*•  *  call,  r.trouv*.  lord  d. 

In  conoluaion, 

HUa.1"™^  tr*V*^  »l«<nant  d'etre  expo.4.  ont  permit  d'.ffectuer  chea  le  macaque 
*pprochl  de  peychoatlmulanta  aur  l'actlvit*  ilactrique  cdribrale  par 

1  d  *  m4thode  "»tt«nt  an  ojuvre  la  T--naform*a  raplde  de  Fourier  Troia  eubatancaa 

:"JXL*tt,tTUr  1“  C0ur‘  de  d#UX  '  oo^liZtai™”  da£ ^  dTnt’: 

ait  unt  mlia^lS  ar^  ?“  a  ea  a  rtftrence  1  1#  ca/'4lr’a  •»  *•  aulfate  de  d-amph4temln„,  la  trolaiLe 

“  ProprietSe  •ti<»ulantee  at  4veill'  a.  partioulidrement  pulaaantea. 
c«tt«  premier#  epproche  a  a±n»i.  permie  de  mettre  t  *  vidence  lea  nro  r  t4a  tout  ft  felt  a 

rr1,1: mol<cul*  *u  ,iiva#u  du  bp,ot” d*  •«  ^  £ 

it.  :l.  coiim0n:r.!:r^min*ui.:"*u  provoqu“ p,r  d,u*  *utr** 

II  appar.ilt  alnsi  ndceasaire  de  pourauivre  lea  travaux  entreprls  afln  de  : 

d“ut£T.ujec  4*UU*t''  P<lr  1,obt5ntlon  d*  d°™‘«  •uppKmentaire."  raeueillie.  a  partir 

i'  I!rr(nncr*n!ed^t*r!!!in*^l0n  fV®  doe,‘  s#u11  *u  nlv«»u  de*  effetB  «le<:trophyelologique». 

3.  affiner  1  6tude  de  la  cinitique  dee  ooUculea,  notamment  au  coura  de  lT  lire  heure 
d  enregle trement ,  at  aprU  la  8  »ma  heura. 

4'  liiiud.^..' I^^T™*^0"****  *  d'‘Utre*  pui= 
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BERRY,  US t  You  indicated  that  the  new  compound,  CRL~40476  is  useful  in  stimulating  vigilance*  Could  you 
compare  It  and  d-amphetamin«  in  regard  to  side  effect*? 

LAGARDE,  FRi  The  purpoee  of  this  work  was  to  detarmine  the  very  original  properties  of  this  new  psycho¬ 
stimulant  agent  against  two  other  conventional  stimulants;  viz.,  caffeine  and  d-anphecamine*  (The  drug 
d~ amphetamine  is  still  given  to  aircrew  in  France;  and,  of  course,  it  has  well-known  side  affects*)  The 
new  drug  was  studied  in  our  laboratory  in  the  non-human  primate,  the  rhesua  monkey*  At  the  doaage 
indicated  —  25  mg/kg  —  there  were  no  aide  effects  in  the  performance  of  the  animal  nor  in  its  vegetative 
parameters;  vis*,  in  blood  pressure  and  heart  rate.  The  main  effect  of  the  drug  was  that  it  kept  the 
enlmal  awake,  though  not  as  a  stimulant*  This  offset  would  give  the  Impression  that  the  drug  is  not 
ccmprlaed  of  an  aaphetamine-lik*  type  of  molecule*  It's  an  action  which  is  quite  specific  —  as  based  on 
other  studies  in  apes  and  rats  —  in  that  it  appears  to  work  on  post-synaptlc  brain  centres  at  that  le^el 
of  dosage*  Of  course,  at  a  higher  dosage  it  would  probably  have  a  doping  effect* 
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Magg.Med.CSA  Silvio  Porcu  ,  Ten.Col.CSA  Roberto  Bet-ri* 
and  Magg.Med.CSA  Alborto  Lala* 
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SUMMARY 

The  authors  atreaa  the  Importance  of  neuroglycopenla  secondary  to  hyp Ogiy  c«mia  as  a  pos¬ 
sible  cause  or  contributing  factor  In  aircraft  accidents.  A  study  was  designed  to  Inve¬ 
stigate  the  neu r ophy a lol og  1  c el  correlations  of  neuroglycopenla.  The  generation  of  spon¬ 
taneous  cerebral  electrical  activity  In  healthy  young  adults  la  quantified  In  a  comput¬ 
er-assisted  study,  with  subjects  placed  under  fixed  hypoglycemic  conditions 


INTRODUCTION 

The  term  '  hypoglycemia ' ,  which  literally  means  low  blood  sugar,  .uc t  be  d 1  at  1 ngui shod 
from  ’neuroglycopenla',  a  condition  which  refers  to  the  symptomatology  produced  by  a 
leek  of  glucose  In  neurone.  In  fact,  hypoglycemia  may  or  may  not  be  associated  with 
neuroglycopenla  symptoms  (I)  depending  on  the  following  factors!  Initial  blond  glucose 
concentration,  the  rate  of  decreasing  glucose  levels  ;  individual  response.  The 
evaluation  of  tissue  damage  due  to  neuroglycopenla  la  not  only  Important  In  pationta 
suffering  from  organic  hypoglycemia  and  in  the  large  number  of  lnau  Un  —  dap  undo  nt  dia¬ 
betics,  but  elso  In  Aviation  Medicine.  In  this  field,  the  hypoglycemic  disorders  having 
particular  significance  are  those  which  occur  after  a  meal.  These  ate  frequently  re¬ 
ferred  to  ass  functional,  poe  tprand  la  1 ,  alimentary  or  reactive  hypogiyte  ...la  (2).  Clin¬ 
ical  manifestations  of  hypoglycemia  can  be  divided  Into  those  attrlbut'bl.  to  the  sy.upa- 
thoebromaf  f  in  response  and  those  resulting  from  the  low  int  reneuron'l  glucose  level. 
Owing  to  the  marked  variability  among  Individuals  with  regard  to  bahtvioral  responses 
and  neurophysiological  alterations.  It  Is  Impossible  to  set  a  blood  glucose  threshold 
bslow  which  ths  tsrw  'true  hypoglycemia*  may  bs  applied.  A  number  of  authors  recommend 
that  a  venoue  blood  glucose  value  below  50  mg/dl  (2.7  mmol/1)  during  an  oral  glucose 
tolerance  test  be  sufficient  to  make  e  diagnosis  of  postprandial  hypoglycemia  (3).  An 
extensive  study  on  the  prevalence  of  poeCprendial  hypoglycemia  haa  bean  conducted  by 
Farrla  on  4,!»2B  male  subjects  In  the  U.S.  Army  (4).  Values  bolow  50  »g/dl  were  encoun¬ 
tered  In  B.4X  of  this  teat  population.  Other  euthore  have  stressed  the  frequent  finding 
of  low  blood  sugar  levels  among  normal  asymptomatic  subjects,  reporting  tbe  prevalence 
to  be  as  high  as  4BX  In  this  group  (3,6).  In  coni  idar  a  t  Ion  of  the  high  prevalence  of 
low  blood  glucose  valuea  emong  eaymptometlc  normals,  e  working  definition  of  hypogly¬ 
cemia  as  glucose  levels  bslow  43  mg/dl  (2.2  mmol/1)  hs»  bstn  propossd  (?)  . 

Glucose  Is  sn  optional  snsrgy  source  In  many  tissues  that  ara  capable  of  utilising  al¬ 
ternative  typee  of  substances  to  aatlsfy  thalr  metabolic  need*.  HoV’var,  the  central 
nervoua  ayatem  (CNS)  uses  glucoaa  aa  Ita  sole  fuel,  eince  under  physiologic  conditions 
other  substrates  are  either  impervieble  to  the  blood-brain  barrier  or  present  in  the 
bloodstream  In  Insufficient  amount*  for  adaquat*  uptake  by  neuron*  <B).  Glucoee  Is 
mstabollasd  along  the  oxldatlvt  pathway  to  nser  complttlon,  as  evldsrtced  by  the  respi¬ 
ratory  quotient  ol  brain  tieeue  which  approach#*  1. 

Although  It  haa  bean  known  for  over  25  years  that  reduced  blood  auger  negatively  effects 
tolerance  to  the  +G2  type  grevlt at  lonel  forces  sxpsrlcnesd  In  flight  (5),  little  atten¬ 
tion  ha*  been  devoted  to  thla  problem.  Reduced  G  tolerance  resulting  f r om  h y pog lycemis 
has  bssn  Implicated  In  the  causation  of  fatal  aircraft  acc’dent#  (10.11 ).  in  a  study 
conducted  on  Canadian  Air  fore#  pilots,  fowsll  and  coworkere  (12)  found  subnormal  glu- 
cos#  levels  In  53X  of  the  survivors  of  incidents  Involving  loss  of  con»c  i  out  nsa#  .  Mors 
recently,  experimental  evidence  ha*  shown  that  episodes  of  mild  hypoglycemia  era  capebl# 
of  provoking  subtsntlal  cerebral  dysfunction  (13,14,15,16),  potentially  lufflclent  to 
Jeopardise  flight  activities.  from  studies  of  this  type  emerge  result'  indicating  thst 
signs  of  neuroglyeopsnle  ar#  slresdy  evident  #t  glucose  levels  of  55  “g/dl  (3  mmol/1), 
although  wide  variation  exiet*  among  Individuals. 

SPONTANEOUS  CEREBRAL  ELECTRICAL  ACTIVITY 

Eva'  since  the  edvent  of  clinical  electroencephalography  (EEC),  the  wUautimtnt  of  al¬ 
terations  In  spontaneous  electrical  activity  of  ths  cerebral  cortex,  as  recorded  from 
scalp  electrodes,  has  been  used  to  assess  CNS  function  during  ths  metabolic  disturbance 
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caused  by  hypoglycemia  (17),  Many  experiments  focusing  on  acuta  hypoglycemia  have  bean 
conducted  on  paychotlc  pattanta  traatad  with  aheck-doaes  of  inaulin  (Sakal'a  tharapy) 
(Id).  Tha  first  signs  of  apontanaoua  cerebral  electrical  activity  Involvement  are  a  re¬ 
duction  in  alpha  rhythm  frequency,  an  lncraaaed  aenaitivity  to  hyperventilation  with  a 
tendency  to  generate  delta  waves  (19).  In  some  Individual*  significant  changaa  in  E6G 
activity  appear  at  30  mgX  blood  glucose,  wherae  othera  show  unaltered  traclnga  until 
30-33  mg X  (20).  Davie  (  1943)  reported  EEC  changea  In  young  atudenta  who  had  blood  glu- 
coaa  lavala  of  53-83  mgj  (21).  Thaaa  effacta  vara  moat  avidant  in  thoaa  aubjacta  having 
slower  baseline  tracings  and  to  a  lesser  degree  in  subject*  with  higher  frequency  baaal 
rhythms  and  lower  voltage.  In  a  recent  (1985)  invest lgatlon  by  Harrad  and  coworkara 
(22),  a  quantitative  method  vae  employed  to  reveal  significant  REG  slowing  with  a  shift 
of  rapid  alpha  to  alow  alpha  waves  and  an  incraaae  in  the  amplitude  of  delta  and  theta 
waves • 

Experimental  models  in  cats  (23)  and  rata  (24)  have  demonstrated  electrical  silence  at 
blood  sugar  levels  around  25  mgZ.  Tha  pattern  of  EEC  alterations,  however,  varies  con¬ 
siderably  during  the  course  of  hypoglycemia.  Alterations  which  predominate  are  gene¬ 
ralised,  synchronous,  bilateral,  paroxysmal,  in  tha  form  of  alow  monorhy thulc  bureta  or 
Irregular  alow  waves,  spikes  or  polyepikea  (25). 

Of  particular  interest  is  the  relationship  between  hypoglycemia  and  epilepsy.  The  hypo¬ 
glycemic  state  la  capable  of  revealing  and  amplifying  the  REG  abnormalities  in  epileptic 
foci  (26).  Tha  convulsions  due  to  hypoglycamla  are  eaaoclated  with  concomitant  low 
and  glucose  utilisation,  in  contrast  to  convulsions  provoked  by  analeptic  drugs  ana 
electroshock  treatments  which  incraaae  cerebral  blood  flow  and  consumption  of  oxygon  and 
glucose  (27).  Pratreating  immature  rata  with  glucose  reduces  mortality  during  clinic¬ 
ally  induced  epileptic  atlaurea  and  has  a  protective  affect  on  subsequent  brain  develop¬ 
ment  (28).  The  neurologies)  consequences  of  epilepsy  in  tha  adult  animal,  however,  have 
been  correlated  to  certain  systemic  effects  of  the  convulsions  themselves  (acldoeis,  hy¬ 
potension,  hypoxia)  (29).  Alterations  found  in  hypoxia  are  similar  to  those  present  in 
hypoglycemia  (30);  breathing  100%  Is  also  reported  to  correct  the  EEG  abnormalities 
produced  by  moderate  hypoglycemia.  Severe  hypoglycemia  la  associated  with  a  concomitant 
decrease  in  consumption  (16,31,32,33,  34). 

In  many  respect#,  hypoglycemia  and  hyperventilation  (cerebral  hypoxia  due  to  hypocapnia) 
act  aynargia tlcally  In  tha  production  of  EEG  abnormalit lea  (21,31,34). 

The  aim  of  our  study  was  to  establish  whether  the  hypoglycemic  state,  kept  constant  at 
40  mg  %  (biochemically),  could  be  responsible  for  EEG  alterations  objectively  quantifi¬ 
able  as  algna  of  nauroglycopenla . 

MATERIALS  AMD  METHODS 


Subjects;  Eight,  normal  subjects  (7  mala,  I  female)  ages  ranging  from  26  to  30  years  (av 
-28+2)  participated  In  the  study  aftar  informed  consent  was  obtained.  No  subject  re¬ 
ported  a  family  history  of  diabetes  mellltus  or  neurologic  disorders.  Each  subject  un¬ 
derwent  routine  EEC  to  rule  out  tha  pretence  of  anomalies  prior  to  admission  to  tha 
study.  All  routine  traclnga  presented  at  least  40X  alpha  activity.  The  study  protocol 
started  at  9:00  AM,  after  subjects  had  fasted  overnight  and  had  eight  hours  of  restful 
sleep,  and  it  lasted  until  early  afternoon. 

EEG 

EEC  signals  war*  recorded  from  silver-silver  chloride  electrodes  applied  according  to 
tha  international  10/20  system  in  position*  F3,  03,  74,  C4,  P3,  01,  P4,  02  using  col¬ 
lodion  technique.  Interelectrode  Impedance  wae  maintained  at  approximately  5  Rohm.  EEG 
activity  was  recorded  from  four  bipolar  longitudinal  leads  (73-C3,  F4-C4,  P3-01,  P4-0J?). 
Tha  taet  was  conducted  in  a  shielded  room,  using  an  0TB  18  neurograph  (HFF23  Ha,  TC  0.3 
sac.,  notch  filter  on,  50  uV/cm).  Ambient  temperature  waa  kept  comfortable  to  avoid  ec- 
ceseiva  perspiration  on  the  part  of  subjects,  who  were  tested  in  the  supine  position. 
EEC's  ware  recorded  in  suglycemlc  conditions  (78  +  2.3  mgX)  and  at  a  fixed  level  of  hy¬ 
poglycemia  of  approximately  40  mgX.  Recordings  ware  performed:  e)  for  throe  minutes 
with  subjects'  eyes  closed;  b)  three  minutes  with  ayea  open  and  gace  fixed  ahead,  so  ns 
to  reduce  eye  movements  to  e  minimum;  c)  one  minute  with  intermittent  light  stimulation 
at  5,  10,  15  and  20  Ha  (flash  of  1  Joule);  d)  three  minutes  during  hyperventilation  with 
eyes  closed.  Besellna  electrical  activities  and  thoaa  obtained  under  various  physical 
stimuli  (hyperventilation  and  intermit  tent  light  stimulation)  ware  thus  studied  accor¬ 
ding  to  tha  standard  paradigm  for  routine  REG  examinations. 

GLUCOSE  CLAHP  TECHNIQUE 

A  constant  intravenous  infusion  of  human  Inaulin  (U.63  mU/Kg/mln)  was  administered  to 
each  subject.  Blood  glucose  levels  gradually  decreased  and  were  maintained  at  43  3 
wg/dl  by  the  Glucose  Clamp  Technique  (36)  which  utilizes  an  artificial  pancreas 
(Blostator-Mllaa ) *  The  pre-ea t ab 1 lahed  glucose  concentration  was  reached  after  about  90 
minute*  of  infusion.  The  glucose  required  to  maintain  this  constant  level  hypogly¬ 
cemia  was  0.79  ♦  0.07  mg/Kg/min  and  plasm*  concentration  of  insulin  was  39.6  uU/ml.  EEG 
recordings  were  performed  after  about  90  minutes  of  stable  hypoglycemia. 


PROCESSING  OF  DATA 


Analog  0igna.lt  racordad  on  magnetic  tapa  in  PCM  (GTE  AJWA  Recorder,  0*80  Ha  range)  were 
transferred  to  an  A/U  convertor  and  fad  into  an  HF1000  computer  aa  amplitude  valuaa  of 
eha  original  signals,  sampled  In  2  second  apocha  at  64  samples  par  second,  Fast  Fouriar 
Trmiforw  (KPT)  vaa  appiiad  to  signal  valuaa  thua  atorad.  For  each  aubjact  under  each 
of  the  experimental  conditiona  and  frou  each  recording  channel,  the  power  apec- 

tra  of  the  original  aigncla  ware  obtained.  Data  procaaalng  wao  carried  out  on  a  one- 
minute  art Ifact-f rat  portion  of  the  signal  for  both  eyas-closed  and  eyes-open  condi¬ 
tiona;  30  seconds  of  intermittent  light  etimuletion  at  5,  10,  15  and  20  Ha  and  on  the 
last  minute  of  the  hyperventilation  tracing.  For  the  statiatlcal  evaluation  uf  raaulto, 
the  following  bands  ware  considered!  delta  (2-4  Ha),  theta  (4-8  Ha),  alpha  (8-13  Ha), 
beta  1  (13-20  Ha),  and  beta  2  (20-32  Ha).  Activity  below  2  Hi  waa  excluded  to  avoid 
signals  deriving  from  alow  ocular  movements*  The  following  spectral  descriptors  ware 
used!  absolute  powar  of  each  band;  relative  percentage  of  each  band  (100X  being  the 
activity  between  2  and  32  Ha);  mean  ( barycentrlc )  frequency  of  each  band;  dominant  fre¬ 
quency  of  the  alpha  band;  peak  valua  of  the  alpha  band. 

The  final  apectrum  waa  obtained  by  averaging  all  spectra  from  each  subject  under  each 
experimental  condition  and  for  each  channel. 

Statistical  evaluation  was  performed  using  the  paired  Student's  t  teat. 

RESULTS 

COMPARISON  BETWEEN  EUGLYCEMIC  AND  HYPOGLYCEMIC  CONDITIONS 

With  subjects’  eyes  closed  (Tsb.l)t  In  hypoglycemia,  delta  tended  to  increase  in  all 
leads;  the  mean  frequency* and  the  dominant  frequency  of  the  alpha  band  were  reduced 
over  all  (Fig.l),  with  statistical  significance  in  the  frontal  regions  (p<0.03). 

With  eyes  open  (Tab. 2):  The  dominant  frequency  and  the  mean  frequency  of  the  alpha  band 
ware  reduced  significantly  (p<0.05)  in  the  frontal  leads. 

During  intermittent  light  stimulation  (Fig. 2,3):  In  hypoglycemia,  a  significant  in¬ 
crease  in  the  relative  percentage  of  theta  activity  was  noted  in  all  leads  at  10,  13  and 
20  Hi  (p<0.05  or  leee)  with  a  concomitant  decrease  in  the  relative  percentage  of  alpha 
(p<0.05  or  less  on  all  channels  at  13  Ha;  p<0.05  on  occipital  leada  at  10  and  20  Hs). 

During  hypervent llac ion  :  The  following  results  were  obsorvod  in  hy poglycemia : 

-  Increase  in  the  relative  percentage  of  theta  activity  (p<0.05  in  the  left  occi¬ 
pital  lead)  and  beta  1  (p<0.05  in  frontal  leada);  concomitant  reduction  in  the  relative 
percentage  of  alpha  (p<0.05  or  less  in  frontal  leads); 

-  significant  decrease  in  the  mean  frequency  of  alpha  in  all  leads  (p<0.05  or  less); 

-  decrease  in  the  dominant  frequency  (p<0.03  in  frontal  leads)  and  peak  value  of  the 
alpha  band  in  all  leads. 

Selective  effect  of  hyperventilation  under  each  metabolic  condition  (eyes  closed  +  hy¬ 
perventilation  versus  eyes  closed) 

In  euglycemls:  Aa  expected,  hyperventilation  increased  absolute  power  and  relative  per¬ 
centage  of  the  delta  band  with  statistically  significant  differences  on  frontal  leads 
(p<0.05);  it  decreased  the  mean  frequency  of  the  delta  band  (in  frontal  leads  p<0.05) 
and  the  beta  1  band  (p<0.05  in  occipital  leads)  (data  not  shown). 

in  hypoglycemia  (Tab. 3):  No  significant  modification  in  the  absolute  power  of  alpha 
rhythm;  whereas  an  increase  wee  found  in  alpha  mean  frequency  (p<0.05  in  occipital 
leada)  and  alpha  dominant  frequency  (p<0.05  In  occipital  leads);  the  absolute  power  of 
the  beta  1  band  also  increased  (p<0.05)  in  frontal  leada. 

DISCUSSION 


Many  of  the  modifications  in  spectral  parameters  encountered  during  episodes  of  hypo¬ 
glycemia  are  to  be  found  in  the  alpha  band:  reduced  absolute  power,  mean  and  dominant 
frequencies  and  a  decreased  peak  valua  of  the  dominant  frequency;  most  evident  in  fron¬ 
tal  leads.  Flgurs  4  shows  the  compressed  spectral  analysis  of  a  single  subject  in  eu- 
glyctuila  and  hypoglycemia  under  different  testing  conditiona.  Previous  expsrlancsa  re¬ 
ported  in  the  literature  have  long  emphasised  the  slowing  of  the  dominant  alpha  rhythm 
at  blood  sugar  levels  balow  50  mgt  (37).  The  appearance  of  theta  and  delta  rhythms  with 
more  evert  hypoglycemia  has  also  been  demons tra ted  (25),  initially  prevailing  In  the 
f r onto-temporai  regions  aymrne tr ical ly  before  becoming  generalised  (38). 

When  the  level  of  hypoglycemia  is  kept  constant  at  40  mgX,  results  point  to  a  partial 
loss  of  CNS  electrical  autorhy thmicity  with  a  certain  degree  of  regional  selectivity. 
The  greeter  sensitivity  of  tha  frontal  areas  to  hypoglycemia  may  be  correlated  to  cli¬ 
nical  observations  of  dspressad  higher  level  Integrative  processes  Induced  by  low  blood 
sugar  ( 14  ) . 

Under  euglycemic  conditions,  hyperventilation  with  the  subject's  ayes  closed  waa  shown 
to  be  associated  with  certain  'slowlngs',  a  finding  which  la  well  documented  in  the 
literature,  especially  In  young  adults.  Conversely,  the  seme  effect  was  not  evident 
when  oimllar  conditions  ( eye s-c losed* hype r van t flat  ion )  were  tested  in  hypoglycemia.  In 
fact,  there  was  an  increase  in  alpha  mean  and  dominant  rhythms  and  relative  percentage 
of  the  beta  band.  Hence  our  data  do  not  confirm  a  synergistic  affect  between  hypoglyce- 
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Table  1.  Comparison  between  euglycemia  ( EU)  and  hypoglycemia  (HY)  during  the  eyes  closed 
*  -  p  <0.05 


recording. 


conditions  during 


Figure  3.  Percentages  of  activity  within  the  frequency  bands  (2-4;  4-8;  8-13;  13-20 
20-32  Hz)  during  Intermittent  light  stimulation  In  euglycemia  (EU)  and 
hypoglycemia  ( HY ) .  Photic  stimulation  .  10  Hz.  Data  are  mean  +  H.D. 
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mia-induced  alterations  in  baseline  HQ  and  hyperventilation  whan  blood  auger  la  con¬ 
stantly  maintained  ac  40  mg*  levels.  Zn  fact,  hypoglycemia  and  carabral  hypoxia  Indue* 
different  naur ochemical  modifications*  Hypoxia  la  thought  to  act  by  depleting  energy 
reserves  in  a  diffuse,  rather  homogeneous  Manner;  the  structural  and  metabolic  changes 
which  take  place  with  severe  hypoglycemia  having  a  more  regional  distribution  (39,40). 

lifting  positron  omission  tomography,  Duara  and  coworkara  (1983)  (41)  obaarved  various 
regional  carebral  mstabolic  lavals  for  glucoaa  undor  normal  conditions,  particularly 
high  in  the  frontal  araaa. 

By  and  large,  cerebral  blood  flow  is  known  to  bs  linkad  to  oxidative  metabolism  In  the 
brain  (42).  Progressive  hypoglycemia  le  accompanied  by  e  slow  Increesa  In  cersbrsl 
blood  flow  both  in  the  experimental  animal  end  men  (43).  In  an  axparlmantal  model  in 
which  the  effect!  of  Acute  hypoglycemia  were  Investigated  In  the  rat,  the  raaponee  to 
PCO„  in  the  cerebral  circulation  remained  Intact  (lncraaae  in  blood  flow),  whereas  a 
certain  degree  of  autoragulat ion  was  lost  in  rasponsa  to  gradual  variations  In  arterial 
blood  pressure  (44). 

Although  precise  data  regarding  cerebrovascular  modifications  in  the  couree  of  prolonged 
hypoglycemia  in  men  are  lacking  in  the  literature,  one  may  speculate  that  local  homeo¬ 
static  factors,  such  as  P0 .  and  PCD,*  coma  into  play  during  episodes  of  hypoglycemia 
with  superimposed  hyperventilation. 

In  conclusion,  our  study  demonstrates  that  the  moat  subtle  ERG  sign  of  hypoglycemia 
(i.o.,  the  slowinc  of  the  alpha  rhythm)  lo  well  evident  at  40  mgX  blood  auger  with 
frontal  preponderance.  Moreover,  under  our  experimental  conditions,  hypervent  list  ion 
does  not  act  synerglatlcaliy  with  hypoglycemia  aa  regards  EEC  alterations.  The  former, 
on  the  contrary,  seems  in  some  way  to  counteract  the  slowing  of  the  alpha  rhythm  caused 
by  low  blood  sugar  alone. 
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INTRODUCTION 

Several  authors  have  elelaed  that  visual  evoked  potential  (VIP)  abnormality  le  not 
oloaely  related  to  sensory  visual  loss  in  patients  with  aultlple  sclerosis  (17,15). 
However,  - \1  of  their  studies  assessed  sensory  visual  loss  entirely  In  terns  of  Snellen 
visual  acuity.  Secant  findings  Indicate  the  possibility  that  this  lack  of  eoryolation 
between  VIPs  and  sensory  data  night  be  due,  at  least  In  part,  to  the  inability  of 
Snellen's  teat  to  detect  tka  full  range  of  visual  leases  associated  with  visual  pathway 
dysfunction. 

Before  discussing  abnormalities  of  pattern  VIPs  1»  patients  with  daayalinating 
disease*  we  should  first  review  ‘■he  reasons  why  Snellen  acuity  provides  only  an 
iD„ ->apleta  test  of  visual  funotiw  rase. 

CONTRAST  SENSITIVITY  LOSS  IN  VISUAL  DISORDERS 

In  everyday  life,  perhaps  the  most  important  aspect  of  vision  is  the  ability  to  see 
and  recognise  objects.  This  ability  is  ooanonly  assessed  by  procedures  euch  as  the 
Snellen  test  in  which  the  patient  reads  analler  and  smaller  letters.  The  smaller  the 
letters  that  aan  be  accurately  reaognlsed,  the  better  the  patient's  spatial  vision  is 
conventionally  assumed  to  be.  This  assumption  seems  to  be  intuitively  obvious,  ao  that  a 
30/20  Snell in  score  has  become  a  household  word  for  clear  and  acute  vision. 

Recently,  however,  it  has  grown  clear  that  soma  patianta  retain  a  normal  ability  to 
sea  email  object  while  their  ability  to  see  larger  objects  is  degraded.  The  claims  of 
suah  a  patient  that  hie  vision  was  weak  or  "washed  out"  in  an  aye  with  30/20  acuity  might 
once  have  been  difficult  to  attribute  to  organic  pathology  since  the  symptoms  are  quite 
different  from  those  associated  with  refractive  disorders  of  vision.  Recent 
neurophysiological  and  psychophysical  studies,  however,  allow  euch  a  complaint  to  be 
accepted  as  having  a  possible  organic  basis.  One  way  of  measuring  visual  sensitivity  to 
contrast  la  to  use  a  sinawave  grating  as  test  target  (39).  This  stimulus  has  the 
advantage  that  visual  sensitivity  to  fine  detail  can  clearly  be  distinguished  from  vlausl 
aeneltivity  to  Intermediate  and  aoarse  detail. 

figure  1  shows  the  variation  of  light  intensity  across  a  sinawave  grating,  and  also 
illustrates  the  definition  of  grating  "contrast". 

One  "cycle"  of  a  grating  consists  of  a  bright  bar  plus  the  adjacent  dark  bar,  and  the 
width  of  a  cycle  is  called  the  "period",  usually  expressed  in  terms  of  the  angle 
subtended  at  the  aye  (in  degrees) .  The  reciprocal  of  the  period  is  called  the  grating's 
"spatial  frequency,"  usually  expressed  in  cycles  par  degree  of  visual  angle.  Thus  a 
narrow-barred  grating  has  a  high  spatial  frequency,  and  a  wide-barred  grating  has  a  low 
spatial  frequency. 

The  test  procedure  is  to  find  the  lowest  contrast  for  which  the  patient  can  juet  tell 
that  the  screen  contains  a  grating  rather  than  being  uniformly  blank.  This  "grating 
threshold  contrast"  is  measured  for  gratings  of  several  spatial  frequencies.  A  plot  of 
grating  contrast  threshold  versus  grating  spatial  frequency  is  called  a  "contrast 
sensitivity  function,"  the  term  "modulation  transfer  function"  having  fallen  from  favour. 

The  normal  contrast  sensitivity  function  is  Illustrated  in  Fig.  13  (dotted  line 
labelled  SHARP) .  This  curve  describes  how  the  contrast  required  to  see  a  grating 
progressively  increases  as  the  grating's  bar  width  is  decreased  (l.e.  as  spatial 
frequency  is  increased).  Eventually,  at  the  limit  of  resolution,  even  a  grating  of  loot 
contrast  oannot  be  distinguished  from  a  homogeneous  field  of  the  same  mean  luminance. 
The  spatial  frequency  at  which  the  curve  cuts  the  abscissa  is  defined  as  the  grating 
resolution.  The  effect  of  moderate  blur  is  to  reduce  sensitivity  to  high  spatial 
frequencies,  while  comparatively  sparing  sensitivity  to  low  spatial  frequencies  (see 
"difference"  curve) . 

Tho  clinical  use  of  sinawave  gratings  was  introduced  by  Bodls -Wollntr  in  1973  (3). 
He  found  that  visual  pathway  disorder  could  produce  an  effect  on  sensitivity  that  was 
quite  different  from  refractive  error  (i.e.  blur).  A  patient  with  a  cortical  lesion  was 
insensitive  to  intermediate  spatial  frequencies,  while  sensitivity  to  high  spatial 
frequencies  (l.e.  visual  acuity)  wa,  spared.  Sinawave  gratings  have  since  been  used  to 
measure  visual  loanee  in  several  disorders  Including  multiple  sclerosis,  where  they  can 
reveal  visual  loss  that  is  hidden  to  the  Snellen  test.  Regan,  Silver  and  Murray  (27) 
described  four  classes  of  visual  loss  in  multiple  sclerosis. 

These  arei  (1)  Approximately  similar  loss  for  all  spatial  frequencies  (Pig.  3B ) ;  (!) 
reduced  sensitivity  for  high  spatial  frequencies  only  (Fig.  30;  (3)  reduced  sensitivity 
for  low  and  irtermediate  spatial  frequencies  (wig.  3D);  (4)  reduced  sensitivity  for 
intermediate  spatial  f'equenclua  only  (Fig.  31) .  Classes  3  and  4  are  not  detected  by  the 
Snellen  test.  Classes  1  and  3  are  detected  by  the  Snellen  test,  but  are  confounded. 
Classes  1,  3  and  4  have  been  reported  by  several  authors  (4,  30,  37,  30).  Fig.  4  gives 
two  examples  of  Class  (4),  i.e.  reduced  senaltivity  to  intermediate  upetisl  frequencies, 
sparing  both  high  and  low  frequencies. 
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Id  some  patients  with  MS,  contrast  sensitivity  lose  depends  on  tha  oriantation  of  tha 
taat  grating  (20,21,20.  Thia  finding  implicate*  eortieaX  naurona,  ainea  orientation- 
apaolflo  naurona  ara  not  found  peripheral  to  primary  oortax  in  prlmataa.  Thia  ooneXualon 
ia  further  supported  by  tha  finding  that  VMPa  aXloitad  by  gratlnga  show  orisntation- 
spaoifio  daXaya  in  patients  with  MS  (6) .  However,  cortical  dysfunction  is  not  tha  only 
possible  reason  for  contrast  sensitivity  loss.  Low-frequency  contrast  sensitivity  is 
lost  while  visual  acuity  is  sparsd  in  glaucoma  and  ocular  hypertension  (2,24)  a  finding 
that  has  besn  attributed  to  dysfunation  in  retinal  ganglion  call  dendrites. 

Pig.  3  brings  out  two  further  points.  Me  have  already  seen  that  tha  right-hand  side 
of  tha  normal  contrast  sensitivity  curve  is  rather  steep  (Pig.  2) .  Suppose,  for 
explanatory  purposes,  that  is  vertical.  Now  we  suppose  that  the  contrast  of  tha  visual 
world  is  reduced  (a,g.  by  early  cataraot) •  As  a  result,  low-contrast  objaots  might 
disappear  altogether)  On  a  foggy  day,  for  example,  a  large  apartment  block  might  be 
invisible.  But,  as  illustrated  in  Pig.  3A,  grating  acuity  would  be  comparatively 
unaffected  (completely  unaffected  in  our  exaggerated  example) . 

The  final  point,  brought  out  in  Pig.  3P,  is  that  monocular  diplopia  can  produce  a 
misleading  "notch''  in  the  contrast  sensitivity  function.  Some  subjects  experience 
transient  monocular  diplopia  after  a  period  of  monocular  oocluslon,  so  that  tha  teat 
procedure  Itself  can  create  tha  "notch"  loss  (20).  Other  subjects  experience  narrow-- 
angle  (a.g.  2  min.  arc)  monocular  diplopia  that  has  an  optical  rather  than  a  neural  cause 
(7, IS),  and  this  fora  of  monocular  diplopia  gives  a  particularly  sharp  "notch"  in  the 
contrast  sensitivity  functions  especially  when  there  is  slight  refractive  error  (1) .  The 
proposed  explanation  for  the  notch  ia  that  there  is  partial  cancellation  between  the  two 
displaced  retinal  images  (20).  Thia  cancellation  occurs  at  the  spatial  frequency  for 
which  a  grating  half-cycle  corresponds  to  the  diplopia  angle  between  the  two  displaced 
Images.  For  example,  optically — caused  diplopia  with  2  min.  arc  diplopia  displacement 
will  oauaa  a  "notch"  in  the  contrast  sensitivity  function  centred  on  a  spatial  frequency 
of  IS  cyclee/deg.  However,  although  monocular  diplopia  may  be  reaponaible  for  some  of 
the  eharp  "notch"  losses  of  behavioral  and  VIP  contrast  sensitivity  ourves  reported  in 
the  literature,  it  does  not  explain  the  broader  intermediate — frequency  lose  seen  in 
patients  with  multiple  sclerosis  (Pigs.  3K  and  4),  nor  can  it  acoount  for  contrast 
sensitivity  lose  that  is  different  is  different  parts  of  the  visual  field  (14,20),  nor 
does  it  explain  cases  where  flicker  and  pattern  sensitivities  are  differently  affected 
(9,20,21),  or  cases  where  contrast  sensitivity  loss  is  temporally  as  well  as  spatially 
tuned  (20,21). 

So  far  we  have  discussed  the  sinewave  grating  test  only.  For  regular  clinical  use 
the  grating  teat  for  contrast  sensitivity  has  a  number  of  disadvantages  including:  (1) 
It  is  a  detection  teat  rather  than,  like  the  Snellen  tast,  being  a  recognitions  test. 
Therefore  It  can  underestimate  visual  lost  is  amblyopia  and  multiple  scleroela;  (2) 
grating  contrast  sensitivity  loss  commonly  depends  on  grating  oriantation  in  multiple 
sclerosis  and  parkinaon's  disease,  ao  that  a  grating  teat  can  miss  visual  lose  unless 
repeated  at  aaveral  orientations,'  (3)  Unfamiliarity;  (4)  Several  of  the  tests  are 
expensive. 

A  low-oontrast  chart  teat  was  designed  to  ovaroome  these  disadvantages,  and  to  allow 
patients  to  be  tested  on  a  regular  baeis  in  the  of floe  or  clinic.  The  test  ia  as 
follows:  (1)  First  Snellen  acuity  is  measured  in  the  usual  way  by  means  of  a 
conventional  high-contrast  letter  chart;  (2)  Then  a  similar  measurement  is  performed 
using  a  low-contrast  letter  chert  that  resembles  the  conventional  Snellen  chart  except 
that  contrast  is  about  7%  rather  than  96k,  The  two  readings  are  marked  on  a  nonogram 
chart  that  immediately  Indicates  whether  contrast  sensitivity  is  abnormal,  end  whether 
there  is  any  retinal  or  neuro-ophthalaological  component  of  viaual  lose  hidden  to  the 
Snellen  taat.  This  quick  test  gives  similar  clinical  information  to  the  sinewave  grating 
teat  (22),  and  picks  up  hidden  visual  loss  in  multiple  sclerosis,  Parkinson's  disease, 
early  diabetic  retinopathy,  ocular  hypertension  and  glaucoma  (20,21,22,24) .* 

VBP  DBLAY ,  VISUAL  ACUITY  AND  VISUAL  CONTRAST  SINSITIVITY 

The  widely  accepted  protocol  of  Kelliday  at  el  (12,13)  for  VBP  testing  in  patients 
with  MS  uees  large  checks  of  shout  50  minutes  of  arc  in  side  length.  This  largw  check 
else  corresponds  to  a  low  fundamental  spatial  frequency  of  0.4  cycles  per  degree. 

In  thia  study,  we  tested  tha  idea  that  patients  with  a  loss  of  visual  contrast 
sensitivity  to  low  spatial  frequencies,  sparing  Snellan  acuity,  would  ahow  reduced  VBP 
amplitude  for  large  cheeks  but  not  for  small  checks.  Conversely,  patients  with  reduced 
Snellen  acuity  end  selective  sensitivity  loss  to  intermediate  or  high  spatial  frequencies 
would  show  no  lose  of  VIP  amplitude  to  large  checks,  but  VBP  amplitude  for  smell  checks 
would  be  attenuated. 

We  tested  these  predictions  by  recording  pattern  VSPs  and  Snellen  acuity  and 
attempting  to  link  these  data  by  meseuring  contrast  sensitivity  curves  using  ainewave 
grating  stimuli. 

Methods 

Pattern  VIPs  were  recorded  using  conventional  methods.  Large  checks  subtended  45 
minutes  of  arc  in  side  length  and  occupied  a  field  subtending  7*  (vertical  x  3°  end  wsre 
viewed  from  135  cm.  Small  check,  subtended  11  minutes  of  arc  in  eide  length  and  occupied 
a  field  subtending  3.5*  (vertical  x  4.5°  when  viewed  from  370  cm.  Viewing  was  central 
and  monocular.  The  unused  eye  was  occluded.  Visual  evoked  potentials  were  recorded 
between  an  electrode  on  the  inion  and  an  electrode  placed  anteriorly  along  the  aidline 
one  third  of  the  distance  between  the  inion  end  neaion.  An  electrode  on  the  mldline  one 


‘A  commercial  version  of  the  low  contrast  charte  is  available  from  Paragon  Services. 
P.  O.  Box  113,  Lower  Sackvil’.e,  Nova  Scotia,  B4C  264,  Canada. 


third  of  tho  distance  between  tha  lniou  and  nasion  posterior  to  tha  nation  was  ground'd. 
Tha  VIP  la tan 07  waa  aaaaurad  to  tha  firat  poaltiva  paak,  and  aaplituda  waa  aaaaurad  froa 
tha  baaalina  to  thia  paak. 

Thirtaan  patlanta  wara  taatad.  All  had  experienced  ona  or  aora  aplaodaa  of 
ratrobulbar  nauritla.  riva  had  aonditiona  diagnoaad  aa  dafinita  Ml,  accord leg  to  tha 
oritaria  of  lohuaaahar  at  al.  Thalr  aaan  aga  waa  37  raara  (ranga,  34  to  S3  yaara) . 
Control  data  wara  obtained  froa  tan  subjects  with  no  opbthalaologlo  or  nauroiogio 
ayaptoaa  or  aigna,  and  a  aaan  aga  of  31  yaara  (ranga,  17  to  S3  yaara).  All  subjects  had 
eorraotad  acuities  of  </7.S  or  battar. 

Results 

Pigura  SA  and  •  llluatrataa  a  diaaoelatlon  batwaan  VIP  flndinga  and  Snallan  acuity: 
tha  right  aya'a  aoulty  waa  lowar  than  tha  loft  aya'a  (016/45;  OD,  6/6),  but  VkPa  to  larga 
ohaeka  wara  approximately  aiallar  in  aaplituda  and  latanoy  in  both  ayaa.  Tha  laft. aya'a 
lataney  waa  113  ma,  and  tha  right  aya'a  waa  lOlaa,  both  wall  within  tha  noraal  Halt  of 
136aa,  Thia  apparant  conflict  waa  raeoncllod  by  tha  contract  aanaltivity  curve  ahown  In 
Fig,  SB,  Tha  laft  and  right  ayaa  had  similar  contract  sensitivities  at  low  apatlal 
fraguanclaa,  conaiatant  with  tha  VBP  data,  but  tha  right  aya  had  raduaad  contract 
aanaltivity  at  high  apatial  fraguanclaa,  oonaiatant  with  decreased  Snallan  acuity. 
Small-check  VIPo  wara  alao  conaiatant  with  tha  contrast  aanaltivity  curva,  aaplituda  for 
tha  laft  aya  baing  graatar  than  for  tha  right  aya.  Lataney  for  aaall  chaoka  waa  114m* 
for  tha  right  aya,  bayond  tha  normal  Unit  of  131  ma,  while  tha  laft  aya'a  latency  waa 
13Baa.  Tha  latanoy  diffaranca  batwaan  VBPa  to  largo  and  small  chacka  waa  13Saa.  Tha 
latanoy  diffaranca  batwaan  VIPs  to  larga  and  aaall  chacka  was  3Saa  for  tha  right  aya, 
wall  outsida  tha  noraal  liait  of  13aa,  while  tha  diffaranca  waa  13aa  for  tha  laft  eye. 
Again,  thia  waa  conaiatant  with  tha  pattern  of  losa  ahown  by  tha  contract  aanaltivity 
curva.  In  oona  patlanta  contract  aanaltivity  was  depressed  over  tha  whole  range  of 
apatial  fraquanciaa.  Fig.  SC  and  D  illustrate  such  a  ease.  As  expected ,  both  email  - 
check  and  large-check  VBPa  wara  attenuated  in  tha  affected  aya. 

In  ona  patient  viaual  aouity  was  little  effected  (OS,  6/7. 5;  OD,  6/6-3),  but  contrast 
aanaltivity  in  tha  laft  aya  was  aora  depressed  at  lower  apatial  fraquanciaa  than  at  high 
spatial  fraquanciaa.  Conaiatant  with  theew  aanaory  change*,  VIP  aaplituda  for  small 
chaoka  wua  only  a  little  depressed  in  tha  laft  aya,  but  large-check  VBP  waveforms  war* 
quite  different  in  tha  two  ayaa,  the  left  aya'a  waveform  baing  aberrant. 

Comment 

Two  possible  reasons  for  the  reported  diaaoelatlon  batwaan  Snallan  acuity  loss  and 
VIP  abnormality  in  patients  with  MS  are  as  follows:  (1)  Snallan  acuity  expresses  a 
patient's  ability  to  sea  fine  detail  (i.a.,  high  spatial  fraquanciaa),  whereas  clinical 
VIP  techniques  comaonly  involve  stimulating  the  aya  with  large  chacka  of  about  SO  minutes 
of  arc  in  aide  length  (whose  fundamental  apatial  frequency  la  0.4  cycles  par  dsCres) , 
thus  aaaaasing  viaual  responses  to  coaras  detail;  (2)  viaual  acuity  is  a  measure  of 
visual  aanaltivity,  wharaas  VBP  abnormality  is  ccauonly  expressed  in  tarns  of  daisy, 
i.a.,  tha  tranamiasion  time  of  viaual  aignala  along  tha  visual  pathway.  In  princlpla, 
sensitivity  and  rasponsa  delay  could  ba  affected  more  or  laaa  independently  by  NS,  For 
example,  there  la  evidence  that  temporal  aspects  of  visual  parcaption  can  ba  abnormal  in 
parts  of  the  viaual  field  where  visual  sensitivity  is  unaffected;  visual  parcaption  has: 
bean  reported  to  ba  dalayad  and  double-flash  resolution  to  ba  degraded  in  parts  of  ths 
viaual  field  where  perimetric  acuity  la  normal. (35,26) 

VRP  DELAY  IS  A  NONSPECIFIC  INDICATOR  OF  VISUAL  PATHWAY  DISORDER, 

BUT  VIP  FATIOUK  KAY  HAVI  IMPROVED  SPECIFICITY  FOR  DEMYSLINATINU  DI8BASS 

Introduction 

Malllday  «t  al.  (13,13!  found  that  larga-chack  pattern  VIPs  ara  dalayad  in  many 
patlonts  with  multiple  sclerosis,  and  tha  pattern  VBP  test  has  since  been  widely  ueed  am 
an  aid  to  differential  diagnosia.  The  VIP  test  has,  however,  an  important  drawback.  Aa 
pointed  out  by  Halllday  at  al.  (13)  abnormal  pattern  VBP*  ara  not  specific  to  aultiplm 
aclarosis:  many  different  diseases  have  bean  found  to  cause  dalayad  or  otherwles 
abnormal  VSPa.  Hare  wa  describe  preliminary  experiments  whose  aim  was  to  improve  th« 
specificity  of  VBP  tosts. 

Our  rationale  waa  aa  follows.  Animal  studies  have  shown  that  soar  demyelinnted  axons 
fatigue  rapidly  and  ara  unable  to  conduct  it  high  firing  rates  (6,9,10'..  Furthermore, 
viaual  fatigue  can  ba  experimentally  induced  in  patients  with  multiple  sclerosis  (31), 
and  ia  sometimes  reported  aa  a  clinical  symptom.  Wa  reasoned  that,  if  tha  conventional 
pattern  VBP  teat  could  ba  combined  with  a  tear  for  visual  fatigue,  tha  new  test  might  bo 
more  specific  for  multiple  sclerosis  than  tha  conventional  VBP  daisy  test. 

Pattern  stimulation  waa  conventional .  A  TV  stimulator  (Nlcolet  model  100S)  was 
viewed  monoculerly  froa  134  cm.  The  unstimulated  aya  was  occluded.  Tha  checkered 
pattern  .  ubtendel  9  7*  (horiior.tal)  x  7.6*,  and  tha  aids  length  of  tha  black  and  whlta 
chacka  was  45  ain  arc.  Ths  luainanca  of  tha  bright  squares  was  3.7ft  lsaberts  (9.3 
d/m*),  and  tha  contrast  of  tha  checkerboard  pattern  alone  waa  close  to  100%.  Suble  ts 
fixated  a  cross  at  tha  centra  of  tha  field.  The  checkerboard  pattern  reversed  1.9  tiaas 
par  second.  Bach  reversal  triggered  an  averaging  computer  whose  sweep  tiaa  was  300  as. 
A  total  of  200  sweeps  waa  mimaed  for  each  trace.  Tha  amplifier  bandpass  waa  1  to  30  HZ. 
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In  the  first  experiment  tbs  checkerboard  flsld  was  superimposed  on  «  bright, 
rectangular  aras  subtending  10.8*  (horisontal)  *  8,7*  that  rsduosd  tha  pattarn  contrast 
to  <08.  first,  a  monocular  pattsrn  VIP  was  raeordad  with  tha  superimposed  light  steady. 
Than  a  VIP  was  raeordad  with  a  auparinpossd  light  f.liokaring,  but  of  tha  sane  naan 
lualnanca.  Tha  fliokar  wavaforn  was  whits  noias,  low-pass  flltarad  with  a  eornar 
fraquaney  of  O.t  HE.  Hots  that  ths  only  diffaranea  batwsan  thasa  two  stinulus  conditions 
was  that  tha  superimposed  honogsnsously-illualnatad  araa  was  steady  in  on*  oaaa  and 
flickering  in  tha  other. 

In  tha  second  experiment,  tha  fatiguing  stimulus  was  a  moving  pattarn,  rather  than  a 
flickering,  homogeneous  rectangular  araa.  First ,  as  in  Ixparinent  1,  a  monocular  pattarn 
VIP  was  recorded  with  tha  superimposed  raotangla  of  homogeneous  light  staady.  Than,  by 
using  a  special-purpose  electronic  circuit,  tha  superimposed  raotangla  of  light  was 
transformed  without  any  change  in  mean  lualnanca  from  a  homogeneously-illuminated  araa  to 
an  araa  of  ehaoka  subtandlng  80  min  are  side  length.  This  araa  of  chocks  was  oscillated 
from  side  to  side  horizontally  by  a  white  noise  waveform  that  was  low-pass  filtered  with 
u  eornar  fraquaney  of  0.1  Hz  (RMS  amplitude  about  60  min  arc),  and  at  tha  same  time 
oscillated  vertically  with  a  different  noise  waveform  of  similar  bandpass  and  amplitude. 
Consequently,  tha  superimposed  pattarn  was  in  two-dimensional ,  pseudo-random  motion.  A 
pattarn  VIP  was  recorded  under  these  conditions. 

insults  and  Discussion 

Of  10  multiple  seleroaia  patients  with  delayed  VIPs,  seven  showed  abnormal 
attenuation  whan  the  pattern-reversal  stimulus  was  accompanied  by  flicker  and  oeven 
showed  abnormal  attenuation  when  moving  checks  were  superimposed  on  the  pattern  atlmulua. 
In  total  8/10  ware  abnormal  on  one  or  other  fatigue  teat.  One  patient  showed  abnormal 
latency  changes  only.  Tha  one  patient  who  showed  no  fatigue  was  the  only  ons  who  had  no 
history  of  clinical  visual  signs  or  symptoms. 

of  10  patients  with  glaucoma,  four  had  delayed  VIPs,  and  of  10  patients  with 
Parkinson's  disease,  two  had  delayed  VIPs.  None  showed  fatigue.  Of  10  patients  with 
ocular  hypertension,  lour  had  delayed  VIPs.  Two  of  these  four  patients  showed  fatigue  to 
fliaker.  One  patient  with  undelayad  VIPa  showed  VIP  fatigue  to  flicker.  It  is  not 
altogether  surprising  that  four  patients  with  ocular  hypertension  had  delayed  VIPs  even 
though  clinical  perimetry  (Ooldmann  and  Octopus)  detected  no  neuro-ophthalmological 
involvement,  jinca  it  is  known  that  a  substantial  proportion  of  patients  with  ocular 
hypertenslor.  with  no  clinical  field  defects  have  abnormal  contrast  ssnsitivity  in  the 
peripheral  visual  field  (14,17,18,85). 

He  crnclude  that  not  all  VIP  delays  are  the  same.  ratlgue  tests  can  distinguish 
between  disease  that  produce  otherwise-similar  VIP  delays;  none  of  20  patients  with 
glaucoma  and  Parkinson's  disease  showed  fatigue,  compared  with  ths  90%  of  multiple 
solar jsis  patients  whose  VIPs  fatigued.  Ne  suggest  that  the  standard  VIP  diagnostic  test 
could  be  made  more  specific  for  multiple  sclerosis  by  adding  a  fatigue  measurement. 
Complete  specificity  is  not  aahieved,  however,  beoause  fatigue  taste  do  not  distinguish 
between  multiple  sclerosis  and  ocular  hypertension.  Perhaps  the  fatigue  tests  reveal  the 
rresanae  of  neurons  in  the  visual  pathway  that  are  functioning  with  a  reduced  safety 
factor.  Presumably,  functional  Integrity  would  be  reduced  by  partial  demyelination  in 
multiple  sclerosis  and  by  persistently  elevated  interocular  pressure  in  ocular 
hypertension  while,  in  our  glaucoma  patients,  neurons  were  either  unaffected  or 
completely  non-functional. 


Ei-anriJ. 

The  variation  of  light  intensity  across  a  sinewave  grating  of  almost  100%  contrast 
(continuous  line)  and  across  a  sinewave  grating  of  30%  contrast  (dashed  line).  Note  that 
the  mean  Intensity  (dotted  line)  is  the  same  for  both  gratings,  independently  of 
contrast.  Percent  contrast  is  defined  as  [100 (I>a> -In •)/(!••■ +X«t.)J ,  where  is  the 
aaxim'im  and  !■■*  the  minimum  Intensity.  The  contrast  equals  (100b) /a  in  ths  figure. 
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Maura! 

Tha  normal  contrast  sanaitivity  function  idotted  lino)  and  tha  affact  of  refractive 
blur  of  1  dioptar  (continuoua  lina) .  Tha  "dif furanca"  curva  was  obtainad  by  subtracting 
tha  "sharp"  and  "blurrad"  curvas,  and  shows  tha  ratio  of  aansltlvitlos  baforo  and  aftar 
blurring  (right-hand  ordlnatas) .  Maan  of  19  eyas.  Proa  D.  Ragan,  R.  Silver  and 
T.  J.  Hurray  (1977),  "Viaual  acuity  and  contrast  sanaitivity  in  aultipla  aclaroals: 
Hiddan  viaual  loan,"  Brain,  100,  563-979. 


flours 


NORMAL  AND  ABNORMAL  CONTRAST  SENSITIVITY  FUNCTIONS  fans}.  A  is  a  raducto  ad  absurdan 
to  show  that,  bacausa  of  tha  staap  slops  of  tha  normal  curva  (hara  exaggerated  to 
vortical) ,  a  nodarata  unifora  loss  of  contrast  sensitivity  has  coaparativaly  littla 
affact  on  viaual  acuity.  B--a  normal  curva  (continuous  line),  aodorata  (dashad  lino)  and 
savors  (dottad  lina)  unlfora  loss  of  contrast  sonsltivlty.  C — salactiva  high-frequency 
loss.  D — Salactiva  lntarnsdiata-frequeney  loss.  P — sharp  "notch"  caused  by  none aular 
double  vision. 


■  rtV; 

rtfluca.4  I  ■  !  ' 

'■?'  .  ! 

SELECTIVE  C0NTRA8T  SBtJSITIVITV  LOSS  FOR  INTERMEDIATE  BPATIAL/  FREQUKWcIBB'.  ! 

contrast  sensitivity  for  a.sinewave  tast  orating  varaua  spatial  frequency  fol;  the  right 
(X)  and  left  (L)  ayna  of  a  patient  with  multiple  sclerosis.  panel  B  shows  the  ^difference 
between  tha  two  eyas  (Dif f ) .  The  heavy  T-ahaped  bars  \ show  standard  deviations  tor  this 
ratio,  calculated  for  29  control  subjects.  Panels  C  and  D  are  for  a.  second  patlsut. 
From  D.  Ragan,  R.  Silver  and  T.  J.  Murray  (1977) ,  "Visual  acuity  and  contrast  aetuitivity 
la  nultipla  selnrosisi  Hidden  Visual  Loss,"  Brain,  100,  5S3-579 . 


Figure  8 


CONTRAST  SENSITIVITY  AND  PATTERN  VBPs  IN  A  PATIENT  SUSPECTED  OF  MULTIPLE  SCLEROSIS  ( 
tha  left-hand  panel  shows  that  tha  left  and  right  eyas  had  slaller  contrast  sensitivities  i 
for  gratings  of  low  spatial  frequency,  but  the  right  aye's  sensitivity  was  depressed  at 
high  spatial  frequencies.  Tha  right-hand  penal  shows  VBPs  to  lsrgeroheck  (45  stin.  arc) 
and  snail-check  (11  min.  arc)  patterns.  Fron  D.  Naims  and  D.  Kagan  (1944),  “Pattern 
visual  evoked  potentials  and  spatial  Vision  in  retrobulbar  neuritis  and  nultipla 
sclerosis, "  Archiv.  Neurol.  41,  198-201. 
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AIRCRAFT  ACCIDENTS.  A  LONG  TERM  OBSERVATION 
by 
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Director  Neurological  Clinic  At  251  Hellenic  Airforce  and  V.A. 
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SUMMARY 

During  1975-76,  64  student  pilots  of  the  Hellenic  Airforce  Air  Academy  were  studied  with 
EEGraphic  protocol  including  activation  procedures.  In  13  of  them,  abnormal  encephalographlc 
activity  was  observed.  During  their  10-year  flying  career  as  fighter  pilots,  six  pilots  with 
abnormal  EEGs  were  involved  in  10  aircraft  accidents  due  to  pilot  error,  while  only  3  pilots  of  the 
51  with  normal  EEC  were  involved  in  A  accidents  due  to  pilot  error. 

INTRODUCTION 

-  Electroencephalograms  (EEGs)  have  been  used  since  world  war  as  6  useful  auxiliary  tool  for  the 
selection  and  evaluation  of  pilots. 

-  From  1940  to  1943,  Forbs,  Gibbs,  Oavir,  Adrian,  Williams  and  Thorner  studied  a  large  number  of 
candidate  pilots  and  aircrew  EEGs  and  nssessed  the  frequency,  the  potential  height,  the  presence  or 
absence  and  the  distribution  of  paroxysmal  discharges. 

-  Later,  Buchtal  and  Lennox  (1951-52)  of  the  Danish  Airforce,  Picwoid  (1955-57),  Gastant.  (1960), 
Roboulet  and  Soussen  (1958),  Lafontein  and  laplane  (1963)  of  the  French  Airforce,  Von  Wulffien  of 
the  Danish  Airforce,  Carlo-Serra  (1959)  of  the  Italian  Aeronautic  Academy,  supplied  a  lot  of 
information  on  the  correlation  of  EEG  bradyrythmic  manifestations  and  pilots  flying  performance. 

-  5am  Jacobsen  (1957)  studied  EEG  in  pilots  during  simulated  regular  flights  and  during  flights 
under  streas  and  collected  remarkable  oata  on  EEG  activity  during  flight. 

Johnson  (1962)  described  the  disregulatory  role  of  helicopter  'l'ers.  John  Scott  (1964)  in 
Canada,  O'Connor  in  England,  William  King  and  Liski  (1974  )  in  the  USA  and  Oberholz  et  el  (1975)  in 
west  Germany  stressed  the  value  of  EEG  in  selection  and  evaluation  of  flying  personnel. 

METHOD 

’  Subjects .  During  1975-1976,  a  total  of  64  student  pilots  of  the  Hellenic  Airforce  Air  Academy 
participated  in  this  study.  All  were  male  and  their  ages  ranged  from  18  to  22,  with  an  average  age 
of  21  years. 

As  candidste#  for  the  Air  Academy  all  of  them  had  been  subjected  to  a  detailed  clinical  and 
laboratory  examination  as  well  as  neuropsychiatric  and  psychological  evaluation  (HMP1,  wesler,  etc), 
wltnin  the  standard  selection  procedure.  An  EEG  was  not  part  of  the  neuropsychiatric  evaluation, 
because  of  the  large  number  of  candidates  (3500  applicants  for  100  posts). 

AH  Students  who  participated  in  this  study  had  similar  socioeconomic  and  educational  backgrounds. 
None  of  them  had  •  personal  or  family  history  of  neuropsyr.hiatr ic  disease. 

"  APPSftya  ana  procedure:  A  16-pen  EEGraphic  Infection  monitor  (Elema  Sonader)  was  used  with  10-20 
application  system  of  the  electrodes.  Electroencephalographlc  study  conslsttd  in: 

a.  Wakefulness  EEG 

b.  Sleep  EEG  (drug  induced,  Nembutal  caps  IDOmg) 

c.  EEG  after  sleep  deprivation  for  26-32  hours 
Cooperation  of  the  student  pilots  was  very  good. 

All  EEGs  were  evaluated  separately  by  throe  nourologists  with  rich  experience  in  EEC  reading,  and 
were  classified  In  two  groups;  a  and  B. 

In  group  A  were  classified  EEGs  with  one  of  the  following  patterns: 

a.  totally  normal  EEGs 

b.  EEGs  with  rare  mild  theta  Alow  waves  bilaterally  without  accent ua t ion  and 
without  any  change  during  hyperventilation  or  after  sleep  deprivation. 

c.  Sleep  EEC  with  expected  patterns  of  diffuse  slow  activity,  verte*  waves,  and 
sleep  spindles. 
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In  group  B  Mara  classified  EEGs  tilth  one  or  both  of  the  folloNlng  abnormal  findings: 

a.  Wakefulness  EEC  shoving  mild  to  moderate  sharp  or  ghirp  form  slow  activity 
Nith  hemispheric  preponderance  and  Nith'  or  without  intensification  after 
activating  procadures  (hyperventilation,  photic  stimulation,  Slav 
deprivation). 

b.  Sleep  EEG  showing  clean  sharp  discharges  with  hemispheric  preponderance. 

All  64  student-pilots  graduated  successfully  as  fighter  pilots  and  for  ten  years  were  flying  F-104, 
Mirage  F-iC,  and  F-4.  They  all  had  their  regular  annual  check-up  in  our  Aeromedleal  Center  end  none 
had  any  major  health  problem. 

Ourlng  the  10  year  period,  9  of  the  64  pilots  studied  were  Involved  In  14  aircraft  accidents  due  to 
pilot  error,  none  of  them  fetal. 

•  ft>4ult« .  Of  the  64  student  pilots,  51  had  EEGt  that  were  classified  in  group  A  (normal  or  variations 
of  normal)  while  15  had  EEGs  with  abnormal  findings  and  were  classified  in  group  B  as  follows: 

7  showed  abnormal  EEC  activity  during  wakefulness 

2  showed  abnormal  patterns  after  sleep  deprivation 

1  had  abnormal  EEC  activity  during  drug  induced  sleep 

5  showed  obnormal  patterns  after  both  sleep  deprivations  and  drug  Induced  sleep 

-  Comparison  of  the  two  groups  regarding  involvement  In  slrcieft  accidents. 

Of  the  51  pilots  of  group  A,  3  (5.9  percent)  were  involved  In  4  aircraft  accidents  duo  to  pilot  error. 
Of  the  13  pilots  of  group  0,  6  (46  percent)  were  Involved  In  10  aircraft  accidents  due  to  pilot  error 
(see  table). 

-  Comparing  the  two  groups,  we  observe  that  the  percentage  of  pilots  involved  in  aircraft  accidents  la 
7.6  times  higher  in  group  6.  What  is  more  significant  is  the  involvement  of  group  B  pilots  In  multiple 
accidents  (six  pilots  involved  in  10  accidents)  in  comparison  to  group  A  pilots  (three  Involved  in  4 
accidents ) . 

•  From  the  above  observations  it  seems  llksly  that  detailed  EEGraphic  monitoring  of  aircrew  may  have 
prognostic  value  for  flight  safety.  Similar  correlation  between  abnormal  EEGs  and  increased  aircraft 
accidents  was  made  by  Lennox  and  Buchtei  (1951-1955)  who  observed  Danish  pilots  for  9  years  and  found 
a  threefold  Increase  in  fatal  aircraft  accidents  due  to  pilot  error  in  those  with  "abnormal"  EEGs. 

-  In  1962,  Adas  Hanlou  studied  U.S.  Navy  pilots  and  found  that  those  with  abnormal  EEG  findings  ware 
clearly  involved  in  more  accidents  due  to  pilot  error. 

•  Sam  Jacobsen  reports  that  all  Norwegian  pilots  with  bradyrythmic  abnormalities  in  their  EEGs  were 
involved  in  their  career  in  at  least  one  accident  due  to  pilot  error. 


»  in  1974,  William,  King  and  Liskl  evaluated  with  EEG  713  U.S.  pilots  for  space  missions.  90  pilots 
had  abnormal  ECO  fxndinga,  39  percent  of  them  (30  pilots)  ware  Involved  In  one  major  aircraft  accident 
in  an  S-yeer  period. 


-  With  the  aforementioned  data  one  is  confronted  with  the  question,  whether  or  not  EEGraphlc  study  of 
pilots  should  play  a  more  decisive  role  both  in  initial  selection  and  in  medical  evaluation  of  the 
flying  statue  of  pilots. 


-  In  the  Hellenic  Airforce,  all  first  year  student  pilots  are  screened  for  EEG  abnormalities.  In  case 
EEGs  repeatedly  show  spike-wave  complexes  or  focal  spikes  in  otherwise  healthy  student  pilots,  they 
ere  disqualified  without  further  Investigation,  in  case  wa  observe  other  EEG  bradyrythmic 
abnormalities  in  CCGa  of  student  pilots,  we  apply  the  following  additional  Investigation  protocol: 

a.  fcEGs  with  activation  proceoures  (sleep  deprivation,  pressure  of  carotids, 
drug  induced  sleep,  end  application  of  rhino-pharyngeal  electrodes. 

b.  Detailed  negropsychlatrlc  evaluation. 


c.  Drain  CT  seen. 


d.  Detailed  cardiological  evaluation. 

e.  Investigation  of  Carbohydrate  Intolerance. 

-  If  EEG  bredyrythmlc  abnormalities  after  the  activation  procedures  tike  e  snsrp  form  or  are 
intensified,  then  we  disqualify  the  student  p'iat.  If  there  Is  no  change,  the  student  pilot  continues 
his  training  and  is  reexamined  after  one  year. 
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DETECTION  OF  LATENT  EPILEPSY  IN  AIRCREW  CANDIDATES. 

Wing  Commander  R.T.G.  Merry,  F.R.C.P.,  M.R.C. Psych, 
consultant  8  Adviser  in  Neurology,  Royal  Air  Force! 

Princess  Alexandra'3  Hospital,  Wroughton, 

Swindon,  Wiltshire,  U.K.  SN4  OQJ 

SUMMARY 

8  c°mraon  medical  disorder,  with  a  prevalence  of  0.51-0.8*.  and  is  the 
commonest  cause  of  accidents  due  to  medical  incapacity  in  drivers. 

lateit°n?edlsSnrfJ?^  ?h®  E }«  = troencephalograph (E . E . G . )  is  useful  in  the  detection  of  a 
f!f?t?iiPr  t0  epilepsy,  and  is  recommended  as  an  obligatory  part  of  the 

initial  medical  examination  cf  candidates  for  military  aircrew. 


•t  if^ass.riisr  ■tuia  u“  » ”■ •«!ss,.ss 

In  a  study  of  1605  non-fatal  accidents1  reported  to  the  police  in  which  a  medical 
disorder  affecting  the  driver  was  considered  to  be  the  cause,  38»we^e  due  to  a  witnessed 
epileptic  seizure,  and  a  further  23*  were  caused  by  a  sudden  loss  of  consciousness  of 
i'neoItnln  aeJlolo*y<  An  associated  follow-up  study  of  this  latter  group  revealed  that  a 
denfndSn^d^w0?  were,  ?Vbs®S“*"*1>r  diagnosed  as  suffering  from  epilepsy.  Insulin 

df?b?tas  n®}ll5ua>17'1.’  all  heart  disorders (10*)  ,  and  stroke(8*)  were  other 


i0?  "ere  subsequently  diagnosed  as  suffering  from  epilepsy.  Insulin 

whl?hfae«,.Hf^w^j!*lnadei,tS  involving  London  Transport  drivers  from  1953  to  1977  in 
a  wa?,c0nsid*red  t0  be  the  cause  of  the  incident.  During  this 

id®aiifiod  127  incidents,  in  59  of  which  an  accident  occurred.  Acute  ischaemic 
heart  disease(34)  was  the  commonest  cause  of  an  incident,  followed  by  epilepsy(241 ”  loss 

attack?  6)  0UhvDov1vcaeni?nf  transient  ?e?Sb«?  HchiimU 

a;,,af$  161  ’  h>P?81ycaePlla(S)  ,  stroke(4).  However  when  he  looked  at  those  incidents  which 
d  a"  accident,  when  it  is  reasonable  to  assume  a  more  rapid,  possibly  unheralded 

di?o^de?fl7refolloied  hCtt?aCityf  °Ut  °f  “  t0tal  °J  59  ’  ePileP8y  «aa  the  commonest  ’ 
total  nf  »7fi*a?11nl?d  by  *2?  .  £  consciousness  of  uncertain  aetiology(  10)  ,  a  combined 

Lennox  whtl  1  *  ?  h®T  3°nfi54°!!S4.{!'era  ^ope  (12) ,  acute  ischaemic  heart  disease(S)  . 

1‘  i'3  studiod  the  correlation  of  Eletroencephalographic  (E.E.G.) 

cr«h  2as  iJtrihSteS6?^  r?w°f  miUt\ry  P11?*8  of  the  Royal  Danish  AirForce  Whe™  the 
crash  was  attributed  to  pilot  error,  those  with  an  E.E.G.  abnormality,  especially 

parox^mai  changes,  were  three  times  more  common  than  those  with  no  E.E.GP  abnormality 
It  has  been  demonstrated  that  those  with  petit  mal  epilepsy  show  a  significant  X' 

deterioration  in  performance  during  sub-clinical  spike-wave  E.E.G.  paroxysms1^?5  »6  • 7  and 

iue?a?ionioiec^clcthe  occ™£®  of  similar  cove?t  brain  events  coSId  cause  a  momentary 
? cicusness  which,  although  undetectable  by  an  observer,  could  be  a  X 

a  high  pe??ormaLinai>crrft  0rmanCe  exactin«  motor  task  such  aa  driving,  or  piloting 

1970rKingaandSLUk;*I?«SorieSntS2?  Saf®ty  Centr®  Rep0rt  of  infli«ht  incapacitation(  1963- 
«  k  reported  that  syncope  was  most  common(ll),  followed  by  epileptic 

w?iS  I  mid  B??d^?r0nar£  heart  disease(4)  .  Rayman?  reported  on  U.S.A.F.  pilots  flying 
*lb!?,a  “0dlcal  y?ivef,Yh5  we”  involv«d  in  an  accident.  Between  1962-1970  47  sucli 

contributory  and  10  31  °f  ‘Ij®8®  ?  medical  disorder  was  considered  a 

tactor;.  Most  common  were  refractive  errors  of  the  eye,  but  next  most  common 
were  disturbances  of  consciousness.  Rayman  also  reported  five  cases  of  a  witnessed 
epileptic  seizure  in  U.S.A.F.  pilots  which  occurred  during  flight.10 

-n;b  4®„?1*®5  f.rom  th*s«  studies  that  epilepsy,  or  other  causes  of  sudden  loss  of 
consciousness ,  is  a  common  medical  cause  of  an  accident. 

The  incidence  of  epilepsy (including  first  seizures)  in  the  young  adult  population  has 
, *2  b®  30-50  per  100,000  per  annum11-1*  with  an  increased  incidence  in 
Lsif  “**•  H2Y®V®r,i?  a  deflned  population  over  a  longer  period  those 
p5*di??f?®d  r??ai"  a  Pr®disposition,  and  therefore  the  cummulative  incidence  more 
epilepsy  (0 . 5* ?0?8t) ^  , 8  population  at  risk'  This  would  be  nearer  the  prevalence  rate  of 

nrIf„dd.iSi?fre®f  tha5  ®PileP®y  11  the  commonest  medical  disorder  leading  to  an  accident 
Blr,S*wd®n  *?  2  o£  COI]trol,  and  that  it  is  a  relatively  common  disorder,  by  what  means 
inu«  =  l??Se4.4,ith  u  PredifP°sltion  be  detected?  Unfortunately  there  is  no  infallible 
investigation,  but  certain  symptoms  indicate  an  increased  risk' in  an  individual.  These 
include  seizures  after  the  age  of  five,  or  s  past  hsitory  of  penetrating  or  severe  hlad 
or^ cranio tomy?8*  abscess’  intracranial  haemorrhage  or  haematoma,  sub-arachnoid  haemorrhage 

2*?  id®ntify  some  persons  with  abnormal  paroxysmal  brain  dysfunction 
of  identifying:?,  in  bbose  suffering  from  epilepsy,  it  is  not  an  efficient  method 

2?iwyinf  all  *1°/*,?*?^  8  lat*nt  predisposition.  In  known  epileptics  only  50*  of 
bh°  ®  ^ii*1  tonic/cldnic  generalised  epilepsy  show  spike-wave  paroxysmal  acitivity 

®||  interictal  record,  whereas  70*  of  primary  generalised  epilepsy  and  85*  of  classical 
J  ®pil®P*y  *h°w  these  changes  en  the  Interictal  record.  The  large  number  of  false 
negatives  means  that  the  E.E.G.  cannot  exclude  the  possibility  of  a  predisposition  and 
it  must  be  accepted  that  a  number  of  these  will  not  show  an  abnormality  on  a  screen  E  F  G 

K?L:!?e?hS::o?:8"8i4s?ikrwav®  ,e®n  u  »u>t  b*  a»su«:d  • 

individual  there  is  a  disturbance  of  brain  function  similar  to  that  found  in  thosu  with 
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epilepsy,  and  that  that  individual  must  be  predisposed,  to  some  unknown  degree  to  epilepsy. 

There  have  been  a  number  of  studies  of  E.E.G.  in  healthy  young  adults  who  were  usually 
recruits  for  military  aircrew1 3 >  ,1->.16 .  jn  the  one  study  in  which  intermittent  photic 

stimulation  was  omitted  in  601  the  prevalence  of  spike-wave  paroxysms  was  0 . 1 2 % 1 3 .  However 
in  those  studies  where  photic  stimulation  was  included  there  is  a  uniformity  of  0.44  to 
0 ,64l’>13  •1“ .  Over  the  last  ten  years  in  the  Royal  Air  Force(1976-1986)  3837  consecutive 
E.E.G.  recordings  have  yielded  a  total  of  30  with  spike-wavo  paroxysms (0 . 784 ,  Table  1). 
These  figures  are  identical  to  the  prevalence  of  epilepsy  in  the  general  population. 

There  1s  a  very  strong  clinical  correlation  between  epilepsy  and  generalised  or  focal 
spike-wave  paroxysms  on  E.E.G.  A  small  number  of  persons  who  are  known  to  show  spike-wave 
paroxysms  never  have  a  seizure,  but  the  precise  number  is  unknown.  Spike-wave  paroxysms 
correlate  with  clinical  seizures  in  those  suffering  from  epilepsy,  many  of  whom  show 
similar  E.E.G.  paroxysms  in  the  interictal  periods. 

A  number  of  studies  have  attempted  to  assess  the  incidenceiof  seizures  by  follow-up  of 
subjects  who  show  spike-wave  paroxysms  on  E.E.G.  but  who  have  had  no  history  of  seizures 
8,13,17,18,19  Table  2.  These  studies  have  all  been  hampered  by  small  numbers  and  incomplete 
follow-up,  and  our  experience  in  the  Royal  Air  Force  is  similar.  However,  of  these  studies 
an  accumulated  incidence  of  2-54  was  found  in  five  studies,  with  only  one  study  showing 
no  seizures  .  These  figures  are  likely  to  be  the  minimum  incidence,  and  are  significantly 
higher  than  the  general  population.  There  is  no  means  by  which  we  can  distinguish  those 
who  will  suffer  a  seizure,  but  it  seems  reasonable  to  assume  that  there  is  an  increased 
risk  of  seizure  in  all  who  show  these  paroxysmal  changes,  and  that  the  various  physical 
stresses  of  flying  may  precipitate  a  seizure  in  a  predisposed  individual. 

For  this  reason  it  is  roc.ommended  that  an  awake  E.E.G.,  with  photic  stimulation,  should 
be  included  as  part  of  the  initial  medical  examination  for  all  military  aircrew,  and  if 
focal  or  generalised  spike-wave  paroxysms  are  seen  that  person  should  be  considered  at 
risk  for  epilepsy  and  assessed  unfit  for  aircrew. 


TABLE  1 

PREVALENCE  OF  SPIKE-WAVE  ON  E.E. 

G. 

HEALTHY  AIR  FORCE 

RECRUITS 

No. 

4 

Le  Tourneau  (US  Navy) 

36/28658 

0.12 

Oberhoiz  et .  al . (German  AF) 

3/1239 

0.4 

Bennett  (1967  USAF) 

8/1332 

0.6 

Richter  (1971  USAF) 

14/2947 

0.5 

R  A .  F . 

30/3837 

0.78 

TABLE  2 

CUMULATIVE  INCIDENCE 

Or  SEIZURES 

IN  FORMERLY  HEALTHY  SUBJECTS 

WITH  E.E.G.  SPIKE-WAVE 

9/ 

King  8  Liske  (1374) 

1-30 

3.33 

Everett  8  Akhavi  (1982) 

0-14 

0 

Le  Tourneau  (1973) 

1-31 

3.26 

Robin  et.al. 

1-20 

5.00 

Zivan  8  Marsan  (1968) 

1-47 

2.12 

R.A.F. 

1-30 

3.33 
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DISCUSSION 


KRXEBEL,  GE:  Dr.  Merry  pointed  out  the  importance  of  photic  stimulation.  1  would  like  to  ask  why  you 
don't  use  it?  Is  it  because  you  are  Just  looking  for  jet  pilots?  During  the  past  year,  we  had  5  hell** 
copter  pilots  who  had  trouble  with  a  stroboscopic  effect  that  was  induced  by  the  rotor  blades. 

STAVROPOULOS,  GRs  (Reply  indecipherable) 

HICKMAN,  US:  Because  of  sensitivity,  the  EEC  is  not  very  effective  In  ruling  out  the  possibility  of  epi¬ 
lepsy.  When  you  perforin  EEGs,  what  is  your  threshold  of.  abnorxality  for  e  pilot  applicant?  Do  you  use 
the  Mayo  Grade,  or  do  you  use  some  other  categorization  in  order  to  not  have  such  terrible  non¬ 
specificity? 

MERRY,  UK:  I  don't  use  the  Mayo  Grade  strictly,  although  ny  criteria  are  very  similar  to  that  grading. 
We  don't  grade  them  numerically ;  but  I  try  to  be  specific  only  in  the  occurrence  of  spikes  in  the 
paroxysmal  events,  because  this  seems  to  correlate  much  more  closely  with  the  predisposition  to  epilepsy. 
The  problem  with  non-specific  paroxysmal  discharges  in  the  EEC  is  that  they  don't  correlate  so  well  with 
prodisposition  to  epilepsy,  although  they  are  found  in  a  proportion  of  the  epileptic  population.  They  are 
also  found  in  quite  a  high  proportion  of  normal  people  who  never  have  a  seizure,  such  as  migraine  suf¬ 
ferers;  and,  in  particular,  the  age  group  —  18  years  —  that  we  are  looking  at,  whose  central  nervous 
systems  are  often  not  that  mature  electrophysiologicelly.  Anyway,  one  sees  quite  a  high  proportion  of 
paroxysmal  features  in  "young"  EEGs,  so  I  regard  as  abnormal  only  those  that  show  splkewavs  discharges , 
either  focal  or  generalized.  Everything  else,  apart  from  using  activation  methods  to  see  if  it  does  bring 
them  up  —  sometimes  it  does  —  would  be  passed  as  normal.  Whether  or  not  we  should  be  doing  this  is  open 
to  suggestions,  but  at  the  we  do  pans  everyone  <*)se  for  flight  training. 

ABRAHAM,  UK:  Could  I  aak  both  speakers  whether  they  uned  one  or  two  periods  of  hyperventilation  in  their 
activation  procedure?  If  you  use  the  second  one,  you  urn  more  likely  to  elicit  abnormalities  with  very 
little  extra  difficulty;  you  just  get  a  few  more  minutes  of  recording. 

MERRY,  UK:  No,  we  only  do  one  period  of  hyperventilation. 

STAVROPOULOS,  Gfl:  We  also  only  use  one  period. 

OFFENLOCH,  GE:  When  we  did  studies  on  meditating  subjects,  we  were  quite  astonished  to  see  a  high  propor¬ 
tion  of  paroxysmal  activity.  We  did  not  know  whether  it  was  a  pathological  or  a  pathophysiological 
variant,  so  we  aeked  leading  authorities  in  the  EEC  field  In  Germany,  and  we  catue  to  the  conclusion  that 
we  should  regard  it  as  a  physiological  variant.  Have  you  the  case  history  of  the  special  pilot  student 
who  showed  spike  and  wave  activity  in  one  of  your  slides?  Whet  happened  to  him  later  on;  perhaps,  he  was 
young  and  the  activity  stabilized? 

MERRY,  UK:  That  was  a  candidate  for  pilot  training  who  had  spike  and  wave  activity  on  photic  stimu¬ 
lation.  At  rest,  he  had  a  non-specific  paroxysmal  tendency.  My  follow  up  on  these  people  is  very  dif¬ 
ficult  and  incomplete.  They  often  leave  and  are  not  very  pleased  with  my  having  taken  them  away  from 
flight  training.  I  have  written  to  them,  but  they  seldom  reply.  Soma  of  them  stay  on  in  the  Royal  Air 
Force  in  "ground"  branches.  Of  that  group,  I  know  of  no  other  disturbance  of  consciousness  or  a  seizure, 
apart  from  the  one  X  mentioned.  We  do  find  those  non-specific  paroxysmal  events  in  a  reasonably  high 
proportion  of  young  people.  Of  course,  one  of  the  problems  of  our  own  making  is  that  we  take  the  EEC  when 
the  person  is  very  tired  having  been  up  all  night  doing  various  activities.  As  soon  as  they  «it  down  in 
the  EEG  chair,  they  either  fall  asleep  or  become  drowsy,  which,  1  feel,  la  quite  a  good  activating  measure 
if  you  want  to  look  specifically  for  spike  and  wave  discharges.  However,  when  you  are  looking  at  alow 
wave  changes  and  other  activitijs,  then  it  is  very  difficult  to  interpret  them. 
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SUMIARY 

This  study  relates  to  the  effect  of  G  forces,  through  an  aerobatic  flight  profile  without  G  suit 
protection,  upon  twenty  military  pilots  with  varying  flight  experience.  The  auditory  evoked  response 
during  rest  showed  significant  differences  in  Wave  V  and  also  in  the  I-V  interval.  Immediately 
following  the  flight,  differences  were  observed  in  Wave  III.  These  results  suggest  the  importance  whi¬ 
ch  this  electrcphysiologieal  method  may  have  on  measuring  accumulated  fatigue.  Immediate  fatigue  im¬ 
plies  complex  mathematical  problems  presently  under  study .Simultaneously ,  hamorheologic,  hormonal  and 
biochemical  studies  have  been  conducted  for  a  better  understanding  of  the  physiological  effects  of 
fatigue.  Though  it  is  recognised  that  the  test  population  is  relatively  small  (20  pilots),  an  expanded 
study  is  underway  in  order  to  compile  more  conducive  data. 

INTRODUCTION 

Four  years  ago,  some  theoretical  concepts  were  stated  about  the  pathology  caused  by  whole-body 
Vibration  stress  (2,5,7,14) .Follow-on  studies  demonstrated  compatible  clinical  otoneurologic  and 
behavioral  disturbances  (5,6,8,15). 

The  study  of  the  Brainstem  Evoked  Potentials  (BAEP)  showed  changes  in  relation  to  the  control 
population  (5,16).  However,  the  variability  of  the  responses  was  too  large,  and  an  evaluation  and 
interpretation  of  significant  components  was  difficult  and  inaccurate  (16).  Besides,  variability  of 
BAEP  of  the  controls  presented  similar  problems  (5).  This  difficulty  was  overcome  when  dealing  with 
taxonomic  distances  (4).  Using  clustering  algorithms  and  multivariate  analisys  it  was  possible  to 
accurately  discriminate  occupational  exposure  to  whole-body  vibration  of  subjects  from  the  control 
population  (3,17). 

Moreover,  four  pilots  were  tested  before  and  after  a  ground  attack  mission  of  25  minutes  duration, 
and  significant  differences  were  found  during  rest,  between  pilots  with  more  than  2000  hours  of 
operational  flight  and  pilots  with  less  than  2000  hours  (10).  The  mission  flight  also  induced  changes 
of  the  I-V  interval.  In  one  pilot,  the  difference  was  640  ms.  The  vibration  exposure  was  found  to  be 
the  major  factor  responsible  for  this  changes.  Von  Gierke  (31)  had  argued  on  the  importance  of  G 
forces  in  this  results.  From  these  discussions,  an  attempt  was  made  to  comfirm  the  results  in  a  larger 
population  of  military  pilots  in  order  to  comfirm  the  existence  of  delays  in  the  neurosetiHorial  waves 
of  the  auditory  responses  before  and  after  flight.  This  paper  describes  and  discusses  the  ensuing 
results . 

MATERIAL  AND  METHODS 

The  BAEPs  were  recorded  from  20  pilots  aged  between  19  and  40  years  (Table  I):  five  pilots  with 
more  than  1500  hours  four  of  them  belonging  to  the  aerobatic  team  "ASAS  DP  PORTUGAL"  (Oil,  six  young 
pilots  with  less  than  500  hours  (G2),  and  nine  Btudont-pi lots  with  lass  than  15o  hours  f G3 ) . 
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All  of  them  had  been  submited  to  a  previous  annual  medical  examination  with  emphasis  on  the  absence 
of  any  kind  of  otoneurologieal  abnormality.  The  recordings  were  carried  out  while  asleep  and  fasting 
after  a  weekend  without  alcohol  consumption.  Prior  to  the  registry  of  BAEP,  they  were  submitted  to  a 
physical  examination,  including  blood  pressure,  ECG,  and  blood  and  urine  samples  for  hemorrheologic, 

biochemical  and  hormonal  studies.  The  following  day,  they  were  successively  submited  to  an  identical 

flight  of  similar  succession  of  aerobatic  maneuvers:  tonnau,  looping,  lmmelman  and  lazy  eight,  always 

over  1G00  foet  of  altitude,  at  accelerations  from  -1  to  5  G.  The  plane  was  an  unpressurized  T37j 

aircrew  did  not  used  G  suite  and  they  occupied  the  right  seat  as  passengers.  All  subjects  knew 

previously  all  of  the  maneuvers  of  the  flight  profile.  When  the  plane  landed,  each  pilot  was  taken  to 

the  examination  room.  The  procedures  used  the  day  before  were  repeated  less  than  5  minutes  after 

landing.  BAEP  registry  was  carried  out  in  a  non-sound  proof  and  non-electrically  shielded  room.  The 
noise  levels  and  electrical  pattern  of  the  chosen  room  were  evaluated  by  two  specialists  and 

considered  as  satisfatory.  Tests  of  BAEP  were  previously  performed  in  four  males  18,  23,  40,  and  47 
years  old,  respectively,  in  laboratox'y  conditions,  and  in  the  room  used  in  the  fielu  study.  A  Madsen 
ERA  2250  was  used  with  the  standard  equipment. 

BAEP  registry  conditions  were  as  follows: 

.  analysis  time  10  ms 

.  sweep  rate  20  pps 

.  lower  froquency  150  Hz 

.  higher  frequency  200 0  Hz 

A  "Click"  of  100  \kBt  that  was  ipsilateral  and  of  alternating  polarity  was  used.  The  action  current 
was  recorded  from  the  vertex  and  mastoid  with  tin  cup  AgCl  electrodes,  using  EFG  current  gel.  The 
positive  elecrotode  was  on  the  vertex,  the  reference  electrode  on  the  ipsilateral  mastoid  and  the 
ground  electrode  on  the  contralateral  mastoid.  The  conditions  were  exactly  the  same  for  all  the 
recording  procedures.  Attempts  were  made  to  identify  BAEP  Waves  I,  II,  III,  IV  and  V  in  each  record 
(Fig.  1),  and  the  latencies  of  each  Wave  and  the  lnterpeacks  I-III,  III-V  and  I-V  were  measured. 
Special  attention  was  given  to  the  presence  of  additional  components  (26). 

The  mean  values  and  standard  deviations  for  the  different  latencies  and  intorpeaks  were  calculated 
for  each  pilot  group  (1,9,20,25).  To  test  for  the  significance  of  the  differences  among  the  three 
groups,  the  ANOVA  method  (29)  was  applied  to  search  for  variations  on  main  effects:  2  way  interactions 
(group  and  rest-stress,  right-left  ear  and  group,  right-left  ear  and  rest-stress),  and  3  way 
interactions  (group,  rest-atress,  right-left  ear).  To  discriminate  between  the  clusters,  numerical 
taxonomic  methods  were  used,  namely,  clustering  algorithms  and  principal  components  analysis  (19, 
28,29,30).  The  software  packages  used  in  this  study  were  the  SPSS  and  NTSYS  as  implemented  in  ICL 
computer  system  of  the  Centro  de  CAlculo  Cientifico,  IriBtituto  Gulbenkian  do  Ciftncia.  The  software 
conversion  was  achieved  by  one  of  the  authors. 


FIG  1  -  The  auditory  evoked  response 
in  pilot  2  at  rest. 


The  column  ion  exchange  cromatography  method  waa  used  in  the  study  of  total  cathecolaminea  and 
5-hydroxy- indol acetic  acid. 
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The  statistical  values  and  tendencies  of  total  cathecolamines  and  5-hydroxy-indolacetic  acid  are 
presented  in  Table  II 


G1 

G2 

G3 

F 

Cathecolamines 

i 
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\  . 

S  0.01S 
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2  0.574 
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5-HIDROXY-INDOLACETIC 
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0 - 

2 - 

Table  II  -  Changes  in  cathecolamines  and  5-hydroxy-indolacetic  acid  under  avia¬ 
tion  stress. 


The  cathecolamines  values  are  not  statistically  significant.  The  flight  induced  a  decreasing  ten¬ 
dency  in  G1  and  G2,  but  a  tendency  to  increase  was  observed  in  G3.  5-hydroxy-indolacetic  acid  was  not 
found  in  any  of  samples. 

The  values  of  the  latencies  and  intsrpeacks  taken  in  the  laboratory,  and  repeated  in  the  room  used 
in  this  study,  were  quite  similar  (P  0.01). 

Changes  and  interactions  of  the  values  among  the  groups,  both  ears  at  rest,  and  after  aviation 
stress,  are  presented  in  tables  III  and  IV. 
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Table  III:  The  auditory  evoked  respon-  Tablo  IV  -  Aviation  stress-induced 

aaes  at  rest  changes  audi tory  evoked  responses 


Waves  I  and  II  did  not  present  significant  differences  between  the  ears,  no  variation  was  Cm  — h 
among  the  groups,  and  the  values  were  not  influenced  by  flight  stress. 

Wave  III  presented  significant  differences  among  the  groups  and  between  both  ears,  and  was  influen¬ 
ced  by  flight. 

Wave  V  was  aignificantly  different  among  the  groups  and  che  ears,  but  was  independent  of  this  kind 
of  aviation  stress. 

The  Interval  I-III  does  not  present  any  significant  difference  as  induced  by  any  Bource  of  varia¬ 
tion. 


The  interval  I-V  presented  a  significant  difference  among  the  groups,  but  was  not  altered  by  avia¬ 
tion  stress  nor  did  it  show  any  difference  between  the  ears. 

In  all  of  study,  the  2-way  and  3-way  interactions  were  not  statistically  significant. 

No  additional  components  were  observed  (26).  One  G1  pilot,  one  G2  pilot  and  two  G3  studente-pi lot 
showed  important  delays  in  all  of  the  waveu.  The  delays  had  the  same  magnitude  in  each  of  these  pilo¬ 
ts.  They  were  otoneurologicaly  reevaluated  by  meanu  of  impedancimetry  and  the  new  examination  revealed 
Eustachian  tube  dysfunction.  The  differences  among  the  Waves,  I-II,  II-III,  III-IV,  and  IV-V,  and  the 
interpeaka  I-III,  III-V  and  I-V  were  statistically  determined. 

In  a  manner  similar  to  that  conducted  in  two  previous  papers  (4,17),  following  standardization  by 
variables  of  the  taxonomic  matrix,  the  taxonomic  distance,  DT,  was  used  as  a  coefficient  of 
dissimilarity  between  two  OTUs  (observation  taxonomic  units). 
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Since  DE2  ia  the  Euclidean  distance  between  two  OTUs  squared,  the  taxonomic  distance  is  defined  as: 


Where  n  is  the  number  of  pairs  of  variables  observed  in  the  two  OTUs.  Subsequently,  the  groups  or 
"clusters"  of  the  more  similar  OTUs  was  defined  by  the  UPGMA  method  (unweighted  pair-group  method 
using  arithmetic  averages).  The  cophenetic  correlation  obtained  for  the  analysis  group  Model  I 
involving  8  variables,  4  for  each  ear,  I-II,  IV-V,  I-III  and  I-V  intervals,  was  0.74.  Based  on  the 
phenogram,it  was  noted  the  presence  of  3  broad  groups:  one  consisting  of  3  pilots  from  group  01  and  1 
from  group  G2  (4.6,11  and  8),  another  consisting  of  3  pilots  from  group  G3  and  1  pilot  from  01 
(10,14,18  and  3)  and  another  consisting  of  5  pilots  from  G3  and  3  pilots  from  G2  (7,15,16,19,20  and 
9,13,17),  (Fig. 2). 
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The  cophenetic  correlation  obtained  for  the  analysis  group  Model  II  involving  the  intervals  11-111, 
IV-V,  I-III  and  I-V  in  both  ears,  was  0,78.  Based  on  the  phonogram,  It  was  noted  that  there  were  3 
broad  groups:  one  consisting  of  3  pilots  from  group  G1  and  1  from  G2  (4,6,11,  and  17),  another 
consisting  of  3  from  G3  and  1  from  G1  (10,14,20  and  3)  and  another  consisting  of  2  from  G2  and  2  from 
G3  (8,13  and  16,18).  Pilot  5  from  (Gl),  and  student-pilots  10  and  19  from  G3  were  too  distant  from  all 
the  groups  to  be  relevant  (Fig.  3).  The  first  small  cluster  we  observe  in  both  phonograms  consisting 
of  2  pilots  from  G?  (1  and  2)  nnd  1  from  G3  (12),  distant-  from  th-  other  groups,  is  a  very  interesting 
feature . 
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Figure  3.  Phenogrea  2 


Pilot  5  (GI)  died  17  months  later  in  a  T37  crash  when  performing  an  aerobatic  maneuver. 

Pilot  1  (G2)  i 8  grounded  in  definitely  with  neurophysiological  problems. 

Student-pilots  7  and  .14  (G3)  were  eliminated  from  pilot  training. 

Pilot  12  (G3)  died  19  months  later  in  a  car  accident.  He  was  the  driver,  and  his  colleagues  infor¬ 
med  that  he  had  had  numerous  similar  previous  accidents. 

DI8CUSSI0N 

The  procedures  to  minimize  the  error  factors  in  thiB  field  study  led  to  apparently  very  interesting 
results. 

The  conditions  for  the  etresa  flight,  the  unpressurised  cabin,  the  absence  of  G~suits,and  the  pro¬ 
cedures  avoiding  any  possible  exogenous  or  endogenous  causes  of  emotional  stress  were  satisfatorily 
achieved. 

The  influence  of  strews  hormones  modulating  synaptic  neuropeptide  release  was  neutralized.  The  ca~ 
thecolamine  values  were  not  significant.  The  student  pilots  group  showed  a  discrete  increasing  tenden¬ 
cy  of  levels  white  having  knowledge  of  all  the  flight  profile  thoy  would  support  but  the  values  are 
not  statist! tally  significant. 

Wave  V  J a  an  important  parameter  when  analysing  the  so  called  accumulated  aviation  fatigue.  It  was 
also  influenced  by  the  ear  conditions.  The  interval  I-V,  which  ia  independent  of  ear  conditions,  ia 
the  best  parameter  to  evaluate  quantitatively  the  accumulated  fatigue. 

These  results  confirm  the  previous  observations  that  were  made  in  four  pilots  (10). 

The  flight  stimulus  used  seemed  to  be  a  nmall  stress.  Even  in  this  conformity,  the  Wave  III  is  the 
most  Important  parameter  to  evaluate  the  immediate  aviation  fatigue. 

The  clusters  displayed  in  the  phene jram  appear  to  be  a  very  important  factor  in  discriminating 
between  the  different  pilot  populations.  It  is  natural  to  find  pilots  from  G2  and  from  G3  with  less 
than  500  and  150  hours  of  flight  experience,  respectively,  to  ahai  e  a  common  and  larger  cluster  with 
close  taxonomic  distances.  Pilot  3  from  Gl  was  the  AFB  commander  with  a  very  small  flight  activity. 
The  subsequent  death  of  the  two  pilots,  with  ajch  large  distances  from  all  of  the  groupe  as  evidenced 
in  the  phenograms,  could  be  a  dramatic  warning  about  the  importance  of  BAEP  in  decisions  concerning 
f  1  ight  status.  Pilot  5,  Gl  ,  had  more  than  2000  hours  as  a  T37  instructor  and  as  »  member  of  the 
aerooatic  team. 
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Another  relevant  figure  was  the  incapacity  of  three  students  to  successfully  complete  the  flight 
training.  An  interesting  feature  in  both  phenograms  is  the  positions  of  twc*  pilots  both  from  G2  toge¬ 
ther  with  3  from  Gi  demonstrating  perhaps  some  kind  of  precocious  aging  or  may  be  simply,  some  normal 
borderline  values.  Considering  the  large  individual  variation,  and  the  absence  of  previous  0AEP  data 
about  these  pilots,  it  may  ba  urgent  to  routinely  implement  the  registry  of  BAEP  for  all  of  the  young 
volunteers  for  military  pilot  training.  Other  professions  must  be  also  considered.  The  best  evaluation 
of  accumulated  fatigue  must  be  throught  individual  follow  up  of  BAEP  studies. 

BAEP  was  first  described  in  1970  (12).  The  major  applications  of  this  non-invaeive  method  are:  in 
audiology  for  differentiating  the  various  types  of  hearing  loss  and  measuring  thresholds,  and  in  neu¬ 
rological  practice,  for  detecting  even  minor  lesions  in  the  upper  part  of  the  brain-stem  (21). 

The  large  variability  of  BAEP  registry  in  normal  subjects  is  a  very  important  obstacle  in  analysing 
borderline  values  (21,23).  Cluster  analysis  of  evoked  potentials  was  the  method  proposed  by  Schwartz 
et  al.  (27).  In  1984,  Reinis  et  al.(24)  also  applied  cluster  analysis  to  the  study  of  visual  cortical 
evoked  responses  dealing  with  Euclidian  distances.  In  1984,  our  group  presented  a  paper  applying  clus¬ 
ter  algorithms  but  with  the  exception  that  it  dealt  with  taxonomic  distances  with  promissory  results. 
Reinis  et  al,  pointed  out  that  this  method  could  be  a  useful  tool  in  the  analysis  and  classification 
of  a  large  number  of  evoked  responses.  The  final  statement  of  these  authors,  "...  furthermore,  such 
clustering  may  eventually  reveal  some  of  the  physiological  mechanisms  is  an  interesting  predic¬ 

tive  aseumption.  In  1985,  Palminha  et  al.  (22)  end,  in  1986,  Marvfco  et  al.  (10)  using  taxonomic  dis¬ 
tances,  established  some  new  concepts  about  neonatal  myelinization  stops,  behavioral  changes  occurring 
at  the  age  of  9  months,  arid  predicting  major  difficulties  which  must  be  overcome  in  newborns  suffering 
from  different  kinds  of  delivery  stresses. 

The  waves  and  interpeaks  that  were  found  in  this  study  and  which  changed  with  aviation  fatigue,  we¬ 
re  the  same  ones  observed  in  vibration  stress  and  in  numerous  different  hypoxic  situations.  The  specu¬ 
lations  made  4  years  ago  about  the  whole-body  vibration  stress,  the  systemic  Raynaud  -  like  phenomena 
and  the  conaequent  hypoxia  are  still  a  good  model  for  our  research  program  in  aviation  fatigue  (2). 
The  hemorrehologic  parametere  found  in  this  study  confirm  this  hypothesis. 

There  are  numerous  common  features  in  different  kinde  of  stress.  The  study  of  physical  training  and 
of  the  aging  process  will  provide  important  clues  for  the  understanding  of  pathophysiology  of  fatigue. 

The  successful  application  of  cluster  algorithms  and  multivariate  analysis  to  the  study  of  BAEP  in 
a  larger  population  may  permit,  the  establishment  of  new  selection  standards  with  which  tc  evaluate 
accumulated  fatigue  and  to  define  mission  profiles.to  measure  residual  capacitiea,  and  even  to  confirm 
incapacity  for  flight  duty  or  other  demanding  activities. 
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1 4.  Abstract 


These  Proceedings  include  the  Technical  Evaluation  Report,  the  Keynote  Address,  the  37  papers 
and  ensuing  discussions  from  the  Symposium  sponsored  by  the  AGARD  Aerospace  Medical  Panel 
held  in  Trondheim,  Norway  from  25—29  May  1 987. 

The  physical  and  mental  demands  imposed  on  aircrew  operating  new  and  future  high  performance 
combat  aircraft  will  be  severe.  The  heavy  loads  of  information  that  aircrew  operators  receive  from 
the  different  aircraft  sensors  must  be  assimilated  and  managed  in  a  timely  and  efficient  manner. 
Severe  physiological  stresses  will  be  imposed  by  the  environment  of  rapid  onset,  high  sustained  G- 
accelerations  ir,  which  these  aircraft  operate.  The  purpose  of  this  Symposium  was  to  explore  the 
feasibility  of  using  the  electrical  potentials  and  magnetic  fields  of  the  central  nervous  system  (CNS) 
as  objective  measures  of  the  human  condition  under  such  severe  mission  demands. 

The  papers  addressed  a  variety  of  topics  including:  (a)  the  computer-aided  imaging  of  background 
and  evoked  brain  electrical  activity,  (b)  the  new  technique  of  magnetoencephalography,  (c)  the 
functional  significance  of  P300,  CNV,  and  EEG  events  as  indices  of  behaviour,  (d)  the  use  of 
physiological  measures  for  indexing  in-flight  and  simulator  mission  effectiveness;  and  (e)  the  effects 
of  acceleration,  drugs  and  diseases  on  CNS  activity. 


These  proceedings  will  be  of  interest  to  those  involved  with  the  health  care  and  the  effective  use  of 
aircrew  in  flight  operations. 
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